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PREFACE. 



This book is primarily intended as a text-book for 
elementary classes of Physics. It aims at presenting, in 
brief space, those portions of Theoretical Physics which 
are most essential as a foundation for subsequent advances, 
while at the same time most fitted for exercising the 
learner in logical and consecutive thought. It does not 
give minute directions for manipulation; but, avoiding 
details as much as possible, presents a connected outline 
of the main points of theory. 

In order to place science upon an equal footing with 
the more established studies of ancient languages and 
mathematics, as a means of practically training the bulk 
of our youth to vigorous thought, it seems necessary that 
science text-books should be constructed upon such lines 
as these. It is not practicable to make the bulk of the 
boys in our public schools expert scientific manipulators; 
but it is practicable to ground them well in the main lines 
of scientific theory. The aim must be not so much to 
teach them many facts, as to teach them rightly to connect 
a few great facts together. Science must be taught them 
from a liberal, not from a technical stand-point. . 

The book is not intended to supersede oral instruction, 
but rather to create a demand for amplification and illus- 
tration such as the teacher will supply. 
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FORCE, MASS, AND MOMENTUM. 

I- The science which treats of the laws of force is 
called by the most eminent modem authorities dynamics 
(from ZvyafjLiCj force). It is very frequently called mechanics 
(from fitixarrij a machine). 

2. Force is directly known to us through our own 
power of exerting force by voluntary mus- 
cular action; and we can approximately 
estimate the amount of a force by our 
own sensations, as when we judge of the 
weight of a thing by sustaining it with the 
hand. 

3. Dynamometers and spring-balances 
are instruments in which force is directly 
measured by the extent to which it extends 
or otherwise alters an elastic spring. They 
are of various forms. One of the simplest 
is represented in the accompanying figure 

(Fig- !)• 

4. Forces are commonly measured and 

expressed by weights. The weight or grch 

vitation of a body is the force with which it 

tends to fall towards the earth. This force 

differs for the same body according to the part of the 

earth's surface where the experiment is made. It will be 

greatest at the poles, and least at the equator, the extreme 

difference being about one part in 196. Hence, for pur- 




3 DYNAMICS. 

poses of accuracy, when a force is specified by the number 
of pounds or grammes which it will support, the locality 
must be specified also. The standard pound and gramme 
are not definite forces, but are represented by definite 
pieces of metal, which require different forces to support 
them at different places. 

5. In discussing the elementary laws of force, it is 
convenient to deal in the first instance with imaginary 
cases more simple than any which occur in practice. 
We shall suppose the bodies to which the forces are 
applied to be perfectly rigid, so as not to bend or change 
their shape in any way when the forces are brought to 
bear upon them. Also, instead of supposing them sub- 
jected to forces applied through their whole substance 
(like the force of gravity), or to a finite portion of their 
surface (as in the case of one body pressed by another), 
we shall usually suppose each force, though finite in 
magnitude, to be applied to a single point of the body. 
In many actual cases, a force distributed over the surface 
or through the substance of a body, is equivalent to such 
an imaginary force, if the body acted on is supposed to 
be perfectly rigid. A line drawn through this point, in 
the direction in which the force tends to urge it, is 
called the line of action of the force. 

6. When a body remains at rest, the forces acting upon 
it are said to balance one another, or to be in equilibrium. 
Thus, when an ivory ball lying upon a level table 
remains at rest, the upward pressure of the table, against 
the very small area of contact, balances the downward 
forces of gravity which act upon all the particles of which 
the ball is composed. 

Forces which balance one another when applied to a 
body at rest, will likewise balance one another when 
appHed to a body in motion — that is to say, they will 
leave its motion unaffected. 

That branch of the general science of force which treats 
of the conditions under which forces will balance one 
another is called Statics. 
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That branch which treats of the effects of forces in 
producing or changing motion is called Kinetics. 

7. Statical Comparison of Forces. — The simplest 
statical test of the equality of two forces, F„ F,, is that 
when applied at two points, A, A, (Fig. 2), of a rigid body, 
in opposite directions, along the straight line which 
passes through the points, they balance one another. 



Fig. a. 



Fig. 3. 





A force A is said to be double of another force B, if a 
force F3, equal to A, and two forces, F„ F,, each equal 
to B, would balance one another when acting along the 
same straight line upon a rigid body (Fig. 3), the two 
forces, F„Fa, being supposed to act in the opposite 
direction to F3. 

8. Movement of Translation. — A body is said to 
have a movement of trans- 
lation when it moves in such 
a way that all straight lines 
in it remain constantly par- 
allel to their original direc- 
tions. In such movement 
all points of the body have 
equal and parallel velocities, 
and the movement of the 
whole body is, therefore, 
completely represented by 
the movement of any one of its points. The rectangle 
A B C D (Fig. 4) could be moved by translation from posi- 
tion I to 2, but not from i to 3. 

Every movement of a rigid body consists either of 
translation, or of rotation, or of both together. 

9. If a body with a movement of translation (unaccom- 




4 DYNAMICS. 

panied by rotation) is acted on either by no forces or by 
balancing forces, it continues to move with uniform 
velocity in a straight course. 

10. If a force, constant in magnitude and direction; 
act upon a rigid body initially at rest, in such a manner as 
to produce a movement of translation only,^ the motion 
produced will be parallel to the line of action of the force. 
The velocity will begin from zero, and continually become 
quicker, being at each instant proportional to the time 
that the force has acted. 

Equal forces will produce equal velocities, if thus 
applied to the same body for the same time. 

11. Two bodies are said to be equal in mass'^ if they 
acquire equal velocities when thus acted on by equal 
forces for equal times. 

If two bodies of equal mass be united into one, they 
form a body whose mass is double that of either ; and a 
double mass requires a double force to produce the same 
velocity in the same time. 

Experiments to be described hereafter (art. 56) show 
that bodies of equal mass gravitate with equal forces, so 
that the comparison of masses can be practically effected 
by weighing. 

Bodies of equal mass are often stated to consist of 
equal quantities of matter. This is certainly true when 
they consist of the same kind of matter, as in comparing 
water with snow, or rare air with dense air; but when such 
a statement is made of a pound of iron as compared with 
a pound of lead, it merely expresses a conventional way of 
measuring matter. 

12. If unequal forces be applied to equal masses, for 
the same time, they produce velocities directly propor- 
tional to the forces; and 

^ For the conditions under which a force will produce this e£fect see 

art. 35. 

' When it is said that all matter possesses inertim, it is meant that all 
matter has mass. The student will obtain a good idea of the various 
manifestations of inertia by studying arts. la, 17, x8, 22. 
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If equal forces be applied to unequal masses, for the 
same time, they produce velocities inversely proportional 
to the masses, so that the product of mass and velocity 
has the same value for all the masses. 

13. The product of mass and velocity is called momen- 
tum. Equal forces, acting for equal times, produce equal 
momenta, though the bodies on which they act may 
be unequal in mass; and unequal forces, acting for 
equal times, produce momenta directly proportional to 
the forces. A force is, therefore, correctly measured by the 
momentum which it generates in a unit of time. The 
momentum which it generates in any other time is pro- 
portional to the time. 

14. When it is necessary for us to employ definite 
units, we shall usually employ the gramme as the unit of 
mass, the centimetre^ as the unit of length, and the second 
as the unit of time. Velocity will therefore be expressed 
in centimetres per second; and the velocity of a body 
(thus expressed), multiplied by its mass in grammes, will 
be its momentum. 

15. The unit force will be that which, acting for one 
second upon a mass of one gramme, produces a velocity 
of a centimetre per second. This force has recently 
received a definite name. It is called the dyne. If a 
body of m grammes acquires, in one second, a velocity of 
V centimetres per second, under the action of a constant 
force, mv is the magnitude of the force when expressed 
in dynes. 

We shall hereafter have occasion to define several other 
units of various kinds which are directly derived — like the 
dyne — from the cendmetre, the gramme, and the second. 
All such units are called (from the initial letters of these 
words) C.G.S. units. Thus the dyne is the C.G.S. unit 
of force. 



^ The gramme is almost exactly the mass of a cubic centimetre of 
cold watei; 
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COMPOSITION OF MOTIONS AND COMPOSITION OF 

FORCES. 

i6. Composition of Movements of Transla- 
tion. — If a body has a relative movement in a system 
which is itself moving, the movement of the body in 
space is said to be compounded of the two movements, or 
to be the resultant of the two movements. 

If a body moves along the deck of a ship from O to A 
(Fig. 5), and the ship in the meantime advances through 

Fig. s. 




the distance O B, it is obvious that, if we complete the 
parallelogram O B C A, the point A of the ship will be 
brought to C, and the movement of the body in space will 
be from O to C. If the motion along O A is uniform, 
and the motion of the ship is also uniform, the motion of 
the body through space will be a uniform motion along 
the diagonal O C. Hence, if two component velocities be 
represented by two lines drawn from a pointy and a parallel' 
ogram be constructed on these lines, its diagonal will 
represent the resultant velocity, 

17. If a body be moving with a velocity which would 

carry it in a given time by a 
straight course from O to P 
(Fig. 6), and a force, constant in 
magnitude and direction, act 
upon it, which, if it were initially 
at rest, would carry it in the 
same time from O to Q; its 
actual movement in this time 
will be from O to R, P R being 
made equal and parallel to O Q. Its path will not be 
straight, but will be curved, with its convexity towards 
O P, and will have O P for a tangent at O. 
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i8. Again, if O B in. Fig. 7 represent the velocity with 
which the body is moving at the point O of Fig. 6, and 
O A the velocity which the force would impart to the body 
in the given time, the diagonal O C of the parallelogram 
described on these lines will represent 
the velocity of the body at the end of 
the time. 

19. It is important to regard the 
momentum of a body as a quantity which 
has direction as well as magnitude, its 
direction being that of the velocity of 
the body. If O B in Fig. 7 represent 
the momentum of the body when at 

O in Fig. 6, and OA the momentum which the body 
would acquire in the given time under the action of the 
force if initially at rest; O C will represent the momentum 
of the body at the end of the time. 

20. A similar construction gives the total velocity and 
total momentum generated when two or more forces act 
upon the same body simultaneously. If O A represent 
the velocity or the momentum which one given force 
would generate in a given time, and O B the velocity or 
the momentum which a second given force would gene- 
rate in the same time, O C will represent the velocity 
or the momentum generated by the two forces acting 
simultaneously. 

21. Parallelogram of Forces. — The same prin- 
ciple applies to forces, since these are represented by the 
momenta which they generate in unit time. If two 
forces acting upon the same rigid body in lines which meet 
in a pointy he represented by two lines drawn from the pointy 
and a parallelogram be constructed on these lines, the diar- 
gonal drawn from this point to the opposite comer of the 
parallelogram represents the resultant i that is to say, repre- 
sents a single force which would have the same effect as 
the two given forces combined. This proposition is called 
" the parallelogram of forces.** 
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ACTION AND REACTION. 

22. Force is essentially dual, every exertion of force 
being a mutual action between two bodies Whenever a 
body is acted on by force, another body must be acted on 
by an equal and opposite force. The earth attracts the 
moon, and the moon attracts the earth. A magnet attracts 
iron and is attracted by iron. When two boats are float- 
ing freely, a rope attached to one and hauled in by a per- 
son in the other, makes each boat move towards the other. 
Every exertion of force generates equal and opposite 
momenta in the two bodies whose motion is affected 
by it 

WORK. 

23. Work done by a Force. — ^When a body moves 
in the direction in which a force tends to urge it, the force 
is said to do positive work upon the body, and the amount 
of this work is measured by the product of the force and 
the distance moved. 

When a body moves in the opposite direction to that in 
which a force tends to urge it, die force is said to do nega- 
tive work on the body, and the amount of this negative 
work is measured as above. 

Thus, when a heavy body falls, gravity does positive 
work upon it equal to the product of the weight by the 
distance fallen; and when a body is thrown up, gravity 
does negative work upon it during its ascent, equal to the 
product of its weight by the height ascended. Negative 
work done by a force is often called work done against 
the force. 

24. When a body moves in a direction perpendicular 
to that in which a force tends to urge it, no work is done 
upon it by the force. . 

When the direction of motion is oblique to that of the 
force, the motion may be resolved into two components, 
one perpendicular and the other parallel to the line of 
action of the force. The former component is to be 
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neglected. The latter, when multiplied by the force, 
gives the work done. For example, the work done by 
gravity upon a body sliding down an incline, is equal to 
the weight of the body multiplied by the vertical height 
descended. 

25. Every machine (such as the " mechanical powers ") 
in which force, applied at one part, overcomes resistance 
at another, may be regarded as a medium through which 
work is transmitted; and it is never increased in trans- 
mission. It is practically diminished by friction; but if 
friction could be entirely avoided, the work done by the 
machine, when moving at a uniform rate, would be exactly 
equal to the work spent in driving it. This is called the 
principle of work. Many fruitless attempts have been 
made to evade this principle, and contrive a machine 
which shall give out more work than it takes in. Such 
schemes are known by the not very exact name of " per- 
petual motions." 

COUPLES AND PARALLEL FORCES. 



26. Two equal forces, P, P' (Fig. 8), acting in opposite 
directions along parallel lines, cannot be balanced by any 
single force, but constitute what is called a couple. The 



Fig. 8. 



Fig. 9. 




plane of a couple is the plane containing the lines of 
action of the two forces. The moment of a couple is the 
product of either of the two forces by the perpendicular 
distance A C between their lines of action. Two couples 
applied to the same rigid body will balance, if their planes 
are parallel or coincident, their moments equal, and they 
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tend to turn the body opposite ways round. Thus the 
couple composed of the two forces F, F (Fig. 9) will 
balance the couple G, G, if the product F . A B is equal 
to the product G . C D. The direct tendency of a couple 
is to produce rotation of the body to which it is applied.^ 
The forces applied to a key to turn it in a lock are a fami- 
liar example of a couple ; and the forces transmitted by a 
revolving shaft in machinery are another example; for 
though, in this case, there are not two prominent forces, 
as in the other, yet the action is such as could be pro- 
duced by two equal and opposite forces applied tangen- 
tially at opposite extremities of a diameter of the shaft. 
In fact, the shaft of the key, in the former illustration, 
serves to transmit the couple applied to the handle. 

27. Moment of a Force about a Point. — ^When 
a rigid body is free to turn about a fixed point, the ten- 
dency of a given force to make it turn is the same as that 
of the couple obtained by introducing an equal and oppo- 
site force at the fixed point. The 

Fig. 10. ^ moment of this couple is called the 
moment of the given force about the 
point. 

More generally, if we take any point 
O (Fig. 10), whether fixed or not, and 
drop a perpendicular O A from it upon 
the line of action of a force F, the product F. O A is called 
the moment of F about O. • 

28. The tendency of a force to produce rotation round 
an axis (if the directions of the force and axis be perpen- 
dicular to each other) is measured by the product of the 
force and the perpendicular distance of its line of action 
from the axis. This also is the moment of a certain 
couple, and is called the moment of the force about the axis, 

29. Equilibrium of Parallel Forces. — If three 
parallel forces, P, Q, R, applied to a rigid body, balance 
each other, the following conditions must be fulfilled : — 

^ See art. 35. 
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1. The three lines of action AP, BQ, CR (Fig. ii), 
must be in one plane. 

2. The two outside forces P, R, must act in the oppo- 
site direction to the middle 

force Q, and their sum must ^w- »*• 

be equal to Q. a ? c 

3. The three forces P, Q, R, ^ b ^ 

must be proportional to the i* ^ 

three distances B C, A C, A B; 

in other words, each force 

must be proportional to the 

distance between the lines of 

action of the other two. 

This last condition can be inferred from the equality 
of opposite moments. Thus, the moments tending to 
produce rotation round the point B, are P . A B and 
R . B C. These must be equal; hence we have P : R : : 
BC:AB. 

Again, taking moments about C, we have P.AC = 
Q.BC, therefore P:Q::BC:AC. 

It is immaterial whether the distances between the lines 
of action are measured perpendicularly, as in the upper 
part of the figure, or in an obhque direction, as in the 
lower part; for the oblique distances are proportional to 
the perpendicular distances. 

30. Resultant of Parallel Forces. — ^The preced- 
ing results can be applied to find the resultant of two 
parallel forces; for this resultant must be equal and oppo- 
site to the third force which would balance them. 

Case I. When the two given forces are in the same 
direction, they correspond to P and R in the preceding 
article, and dieir resultant is equal and opposite to Q. 
Hence we have P, R, and the distance A C given. Call- 
ing the resultant Q', we have 

Q' = P + R; 

and for its position we have 

^= ^., therefore A B = p^ A C. 
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Case 2. When the two given forces have opposite direc- 
tions, the greater of the two must correspond to Q. Let 
the other be called P. Then P, Q, and the distance A B 
are given, and the resultant will be equal and opposite to 
R. Calling this resultant R', we have 

R' = Q-P. 
and for its position 

j^= ^„ therefore B C = ^^p A B. 

CENTRE OF GRAVITY. CENTRE OF MASS. 

31. Centre of Parallel Forces. — ^When we know 
the magnitudes of a number of parallel forces, and their 
points of application, we can find a definite point through 
which their resultant must pass, even though we have no 
information regarding their common direction. 

Thus we have seen (arts. 29, 30) that, if two parallel 
forces of known magnitudes, P and R, are applied at A 
and C, their resultant will pass through the same point 
B, in the joining line A C, whether the forces act at right 
angles to A C or obliquely. 

If we have three parallel forces of given magnitudes, 
P„ Pa, P3, applied at the points A„ A,, A3, respectively 
(Fig.. 1 2), we can first find a point B, in A, A,, such that 

^ the resultant of P, and P, 
Fig. la. X ^ must pass through it. We 

may now suppose this Re- 
sultant Px + P, to act at Bj, 

jr ^ ^ and may employ it instead 

^ ^ ^ of the two forces them- 

selves. This single force acting at B„ and P, acting at A3, 
will give a resultant which must pass through a definite 
point Ba in the joining line B, A3. Hence the three given 
forces are equivalent to a single force equal to their sum, 
applied at B,. This point B, is called the centre of the 
three given parallel forces ; and if any number of parallel 
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forces were given as regards magnitude and point of ap- 
plication, their centre could be found by continuing the 
above process further. 

32. The point finally arrived at by this process is the same 
whatever be the order in which the forces are taken, and 
its distance from any plane so situated^ that all the points 
of application are on the same side of it, can be computed 
by tiie following rule : — 

Multiply each force by the distance of its point of applica- 
tion from the plane, ctdd the products, and divide by the sum 
of the forces, 

33. The weight of a body is the resultant of a number 
of parallel forces, namely, the weights of the particles of 
which the body is composed. If the body be rigid, the 
centre of these parallel forces will be a definite point of 
the body, however it be turned about in space. The 
centre of the parallel forces of gravity upon a body 
(whether rigid or not) is called the centre of gravity of the 
body. 

34. Since the gravitating force of a body is proportional 
to its mass, the two following rules may be deduced firom 
art. 32. 

Rule I. — Divide the body into a great number of 
small parts of equal mass, add their distances from any 
plane, and divide by the number of parts. The quotient 
will be the distance of the centre of gravity from the 
plane. 

Rule 2. — Divide the body into any parts whose 
centres of gravity are known ; multiply the mass of each 
part by the distance of its centre of gravity from any 
plane; add the products, and divide by the total mass. 
The quotient will be the distance of the centre of gravity 
of the body from the plane. 

From the property which these two rules express, the 
centre of gravity is often called the centre of mass, 

^ If the plane be not so situated, distances from it must be reckoned 
positive on one side of it and negative on the other. 
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35. A couple applied to a free rigid body makes it 
rotate round its centre of mass as a fixed point. 

A force applied to a free rigid body in a line through 
its centre of mass, gives the body a motion of transla- 
tion. A force applied to it in any other line, gives it a 
motion compounded of translation and rotation; for a 
force so applied is equivalent to an equal force applied at 
the centre of mass, together with a couple. 

36. The direction of gravity at a place is called the 
vertical direction. It is the direction assumed by a plumb- 
line. A vertical line is often called simply a vertical. 

If a body supported at one point be in equilibrium 
under the action of gravity, its centre of gravity must be 
in the same vertical with the point of support. 

When a body is supported on a flat base, the condition 
of its being in equilibrium under the action of gravity 
(and not tumbling over), is that the vertical through its 
centre of gravity fall within the base. 

STABILITY OF EQUILIBRIUM. 

37. Let G be the centre of gravity of a body supported 
at one point O. Then G may either be vertically above 
O, as in Fig. 13, or vertically below, as in Fig. 14. In the 

former case the equilibrium is said 
Fig. 13. Fig. 14. tQ 5e unstable^ because if the body 

be displaced ever so little, it will fall 
further away ; in the latter, the equi- 
librium is said to be stcUfle, because 
the body when slightly displaced 
tends to return. If G concides with 
O, the equilibrium is called neutral. 

The body, in this case, remains in equilibrium in all 

positions. 

38. More generally, the equilibrium of a body (or 
system of bodies) is said to be unstable when the forces 
to which it is subject assist a small displacement; and 
to be stable when these forces resist every small 
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displacement. When there are some displacements which 
would be assisted, and others which would be resisted, the 
equilibrium is said to be unstable for the former, stable 
for the latter, and unstable upon the whole. 

If the forces vary continuously (that is, gradually, not 
abruptly,) with change of position, the body will oscillate 
about a position of stable equilibrium, if slightly displaced 
therefrom, and then left to itself. 

39. When a body has not one definite position of 
equilibrium, but remains in equilibrium in all the positions 
which it can take, or in all positions lying between 
certain limits, its equilibrium is said to be neutral. We 
have had one example above (art. 37). A uniform 
heavy sphere resting on a level table is another. 

40. The height of the centre of mass of a body above any 
horizontal plane, is the mean height of its parts, supposing 
these parts to be of equal mass (Rule i, art. 34). Hence 
the work done against gravity in moving a body, is equal 
to the weight of the body multiplied by the height through 
which its centre of mass is raised. This is true, even if 
the body be a quantity of loose material which changes 
its shape in the transfer. For example, the work done 
in raising bricks and mortar from the ground to build a 
chimney, is equal to the total weight multiplied by the 
height of the centre of 
mass of the chimney. 

41. When a body sup- 
ported at one point O is 
in unstable equilibrium 
under the action of gra- 
vity, its centre of mass is 
in tiie highest position it 
can take, as at G (Fig. 15). 
In stable equilibrium it 

is at the lowest position ^ ^ 

it can take, as at G (Fig. 16). In both cases, the path 
of the centre of mass (if we suppose it to move in a 
vertical plane,) wUl be a circular arc, F G H, described 




Fig. x6. 
O 
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round O as centre. If the body is moved away from the 
position of unstable equilibrium, G descends, and gravity 
does positive work. If it is moved away from the posi- 
tion of stable equilibrium, G rises, and gravity does 
negative work. In both cases, the direction of motion of 
G at the instant of passing the position of equilibrium, is 
horizontal, so that the rate of workings at the instant of 
passing through a position of equilibrium^ is zero. This is 
a general property of positions of equilibrium, for any body, 
(or system of bodies,) under the action of any forces 
which do not vary abruptly with change of position; and 
is often called the principle of virtual velocities, 

42. When a system whose forces vary continuously 
with change of position, is slightly displaced from a posi- 
tion of stable equilibrium, the forces of the system do 
negative work. When it is slightly displaced from a 
position of equilibrium which is unstable for all displace- 
ments, they do positive work. When the equilibrium is 
stable for some displacements and unstable for others, the 
forces of the system do negative work in the former and 
positive work in the latter. To hold the system in the 
displaced position, will require in each case a force directly 
proportional to the displacement (supposed small and 
given in kind); and the work done will be as the square^ 
of the displacement. 

43. When the forces of a system vary abruptly in 
passing from the position of equilibrium, (as in the case of 
a heavy rigid body resting by three points on a flat rigid 
table, where the slightest tilt will abolish one of the three 
reactions, and make a finite change in the resultant of the 
three) the external force required to maintain a small 
displacement of given kind, is independent of the magni- 
tude of the displacement; and the work done by the forces 
of the system is negative, and directly as the displace- 
ment 

1 For the work is jointly proportional to the displacement and the 
mean working force ; but this latter is half the final force, and is there- 
fore itself proportional to the displacement. 
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44. When the forces of a system do not vary at all 
with change of position, the equilibrium is neutral, and the 
forces do no work in a displacement of any magnitude 
within the limits of neutrality. Most of the " mechanical 
powers," in their simplest forms, illustrate this principle. 



WORK AND ENERGY. 

45- The unit of work which we shall usually employ is 
the work done by a force of one dyne (art 15) working 
through a distance of one centimetre, and is called 
the erg. 

46. The velocity which a falling body acquires in one 
second {in vacuo) is from 978 to 983 centimetres per second, 
according to the particular locality on the earth's surface 
where the experiment is made. We shall use the letter 
g to denote the precise value of this velocity at the par- 
ticular place considered. Its approximate value for 
Great Britain is 981. 

The momentum generated in m grammes of matter 
falling in vacuo for one second is, therefore, mg units of 
momentum, and the weight or gravitating force of m 
grammes is, therefore, mg dynes. 

47. The velocity acquired by a falling body in vacuo is 
proportional to the time 
of descent. Let / de- pig. xj. 
note this time in se- 
conds, then the velocity 
acquired \&gt 

If we lay off horizon- 
tal lengths OA, OB 
(Fig. 17), to represent O- 
times of descent, and 
erect perpendiculars A A', B B' to represent the velocities 
acquired, then the points O, A', B' will lie in one straight 
line, and the areas of the triangles O A A', O B B' will 
represent the whole distances fallen. 

If we put 0B = /, we have BB'=^/, 
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Area O BB' = J^OB. BB'= J^ ^/5«. 

that is, the distance fallen in time /is yi gf^. 

Let the velocity at the end of time / be denoted by v, 
and the whole space in time / by j, then we have the two 
equations 

v^gt (i) 

s - %gi^ (2) 
from which we easily deduce 

g5^%v^ (3) 

48. When a mass of m grammes falls through a height 
of s centimetres, the work done upon it by gravity is the 
product of the gravitating force mg and the distance s. 
But by equation (3), mgs is J^ mv*^. Hence the work 
done by gravity upon a mass of m grammes, in such a fall 
as is sufficient to give it a velocity of v centimetres per 
second, is }i mv^ ergs. 

49. Energy. — ^When we wind up the driving-weights 
of a clock we do work upon them, and they will after- 
wards give out an equal amount of work in driving the 
clock. In like manner the main-spring of a watch will 
give out again the work spent in winding it up. A 
wound up clock or watch, regarded from this point of view, 
is said to possess energy. We cannot say that it possesses 
work; but it possesses something which has been put into 
it by work, and which comes out of it when it does work. 
This something we call energy. 

The energy of a wound up clock or watch is statical, 
th^t is to say, it exists even if the parts are at rest. It 
depends, in fact, on the relative position of the parts, 
and not on their present motion. 

50. On the other hand, a moving body possesses the 
power to yield work in virtue of its motion. It is there- 
fore said to possess energy of motion^ or kinetic energy, A 
cannon-ball, as it issues from the gun, possesses the power 
of overcoming enormous resistance; or, if fired vertically 
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upwards, is capable of rising to an enormous height in 
opposition to the resistance of gravity. It is capable of 
yielding an amount of work equsd to that which has been 
done upon it by the pressure of the exploded powder. The 
motion of any moving body represents a definite amount 
of work which has been done upon the body since the 
time when it was at rest, and which the body can be 
made to yield again by proper appliances. We have 
calculated the amount of this work in art. 48, when the 
motion is produced by the force of gravity; and the same 
result is true if the motion is produced in any other way; 
that is to say, the kinetic energy of a mass m moving with a 
velocity v is "^ mv*^, 

51. The same body may possess both statical^ and 
kinetic energy. When a stone is thrown vertically upwards, 
its kinetic energy diminishes during the ascent, and van- 
ishes at the highest point attained; while its statical 
energy increases with the height. The sum of the stati- 
cal and kinetic energies (if we suppose the motion to 
occur in vacuo) remains constant, the one being gradually 
transformed into the other without change of quantity. This 
is one of the simplest instances of that most important 
principle, the iransformation of energy without change of 
atnount. 

PENDULUM. 

52. Pendulum .7— Any heavy rigid body, oscillating 
under the action of gravity about a horizontal axis, may be 
regarded as a pendulum. 

The motion of such a body is similar to that of a heavy 
ball suspended by a thread; and in order to simplify the 
circumstances as much as possible, it is usual to begin by 
discussing the imaginary case of a very small heavy par- 
ticle, suspended by a perfectly flexible and inextensible 

*What we have called statical enei^ is usually called potential 
energy ; but it must be borne in mind that each of the two kinds of 
energy is potentially the other — that is to say, could by proper appli- 
ances be converted mto the other without the expenditure of work. 
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thread so fine that its mass may be neglected. This 
imaginary arrangement is called a simple pendulum; 
and in contradistinction from it, a rigid body oscillatu^ 
about an axis is called a compound pendulum. 

53. Let AB (Fig. 18) represent a simple pendulum, A 
being the heavy particle, and A B the thread, attached to 
the fixed point B. The path of A will be the circular arc 
A C A' described round B as centre, and in the position 

of equilibrium A wUl be at 
^ '8- C, the lowest point of this 

arc, which is vertically under 
B. The force of gravity 
upon A, in the position re- 
presented in the figure, can 
be resolved (as shown by 
the dotted parallelogram) 
into two forces, one acting 
in the direction of the 
thread produced, and the 
other along a tangent to 
the arc. The former com- , 
ponent simply tightens the 
thread, the latter governs 
the motion of the particle, and varies nearly in direct pro- 
portion to the arc C A as long as the arc does not exceed 
z or 3 degrees. 

54. If we suppose the particle to be let go in the position 
represented in the figure, it will descend under the action 
of gravity, and will gain in energy of motion what it loses 
in enei^ of position. The work done by gravity dtuing 
the descent from A to C is the weight of the particle 
multiplied by the vertical distance D C ; and if v denote 
the velocity with which it arrives at C, we shall have, 
by equation (3) of art 47, % v^ = fj, where s denotes 
DC. 

In the ascent from C to A', the energy of motion is 
again converted into energy of position ; and the height of 
the extreme point A' will be the same as that of A, We 
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here neglect the resistance of the air, and every kind of 
friction. 

55. The angle A B C is called the amplitude of vibra- 
tion. 

The time occupied in going from A to A' and back, 
is called the period or periodic time; but it is more usual 
to speak of the half of this, that is, the time from A to A' 
or from A' to A, which is called for distinction the time 
of a single (as distinguished from a double or complete) oscil- 
lation. The time T of a single oscillation, when the am- 
plitude is small, is given by the equation 
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g 

I denoting the length of the pendulum (that is, the length 
of the thread), g the velocity acquired by a falling body 
in unit time, and t the number 3*1416, being the ratio of 
the circumference of a circle to 5ie diameter. 

For example, if we employ the units of art. 14, and 
suppose^ to be 981, we have for the time expressed in 
seconds 

T « 3*1416 v^' whence / = 99*4 T*, 

/ denoting the length in centimetres. 

Thus the length of a pendulum which beats seconds 
(called the seconds' pendulum) is nearly a metre; and the 
length of a pendulum which vibrates once in two seconds 
is nearly 4 metres, the length being as the square of the 
time. 

Every actual pendulum keeps time with a simple 
pendulum of appropriate length (called the equivalent 
simple pendulum\ and it is this length that is usually 
meant when the "length of a pendulum" is spoken of 

56. Equal Gravitation of Equal Masses. — ^We 
have asserted in art. 1 1 that equal masses (even if com- 
posed of different materials) gravitate with equal forces 
towards the earth. This amounts to the assertion that all 



22 DYNAMICS. 

bodies falling in vacuo acquire the same velocity in the 
same time, for .the velocity acquired in one second 
(expressed in centimetres per second) is equal to the 
quotient of the gravitating force (in dynes) by the mass (in 
grammes). This test is directly applied in the well known 
** guinea and feather experiment," in which a gold coin or 
a piece of lead is allowed to fall side by side with a 
feather, in a tall glass receiver from which most of the air 
has been exhausted. A more severe test is furnished 
by pendulum observations. A pendulum of given size 
and shape, and of uniform material, will vibrate (at least 
in vacuo) in the same time whatever its material may 
be. Astronomy furnishes a still more severe test, in the 
comparison of Uie motions of the planets one with another; 
and shows that the intensities of their gravitating forces, 
at given distance, are directly as their masses. 

MECHANICAL POWERS. 

57. We now proceed to a few practical applications of 
the foregoing principles; and we shall begin with the 
so-called "mechanical powers," namely, the lever ^ the 
wheel and axle^ the pulley y the inclined plane, the wedge, 
and the screw. 

58. Problems relating to the lever are usually most con- 
veniently solved by taking moments round the fulcrum. 
The general condition of equilibrium is, that the moments 
of the power and the weight about the fulcrum must be 
in opposite directions, and must be equal. When the 
power and weight act in parallel directions, the condi- 
tions of equilibrium are precisely those of three parallel 

forces (art 29), the third force 
being the reaction of the ful- 
crum. 

is usual to distinguish 
three "orders" of lever. In 
levers of the first order (Fig. 19) the fulcrum is between 
the power and the weight In diose of the second order 



X ^~T ^^^^ 



DYNAMICS. 23 

(Fig. 20) the weight is between the power and the fulcrum. 
In those of the ^ird order (Fig. 21) the power is between 
the weight and the fulcrum. 

In levers of the second order, (supposing the forces 

Fig. 2a pi J Fig. ax. pH 

parallel,) the weight is equal to the sum of the power and 
the pressure on the fulcrum; and in levers of the third 
order, the power is equal to the sum of the weight and the 
pressure on the fulcrum ; since the middle one of three 
parallel forces in equilibrium must always be equal to the 
sum of the other two. 

59. The arms of a lever are the two portions of it 
intermediate, respectively, between the fulcrum and the 
power, and between the fulcrum and the weight. If the 
lever is bent, or if, though straight, it is not at right angles 
to the lines of action of the power and weight, it is neces- 
sary to distinguish between the arms of the lever as above 
defined (which are parts of the lever,) and the arms of the 
power and weight regarded as forces which have moments 
round the fulcrum. In this latter sense, (which is always 
to be understood unless the contrary is evidently intended,) 
the arms are the perpendiculars dropped from the fulcrum 
upon the lines of action of the power and weight. 

60. In the above statements of the conditions of 
equilibrium, we have neglected the weight of the lever 
itself To take this into account, we have only to suppose 
the whole weight of the lever collected at its centre of 
gravity, and then take its moment round the fulcrum. 
We shall thus have three moments to take account of, 
and the sum of the two that tend to turn the lever one 
way, must be equal to the one that tends to turn it the 
opposite way. 
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6i. Every machine when in action serves to transmit 
work without altering its amount; but the force which 
the machine gives out (equal and opposite to what is 
commonly called the weigh/) may be much greater or 
much less than that by which it is driven (commonly 
called the power). When it is greater, the machine is said 
to confer mechanical advantage^ and the mechanical 
advantage is measured by the ratio of the weight to the 

power for equilibrium. In the lever, when 
the power has a longer arm than the weight, 
the mechanical advantage is equal to the 
quotient of the longer arm by the shorter. 

62. The wheel and axle (Fig. 22) may 
be regarded as an endless lever. The con- 
dition of equilibrium is at once given by 
taking moments round the common axis of 
the wheel and axle (art. 28). If we neglect 
the thickness of the ropes, the condition is 
that the power multiplied by the radius of the wheel must 
equal the weight multiplied by the radius of the axle; but 
it is more exact to regard the lines of action of the two 
forces as coinciding with the axes of the two ropes, so 
that each of the two radii should be increased by half the 

thickness of its own rope. If 
we neglect the thickness of the 
ropes, the mechanical advantage 
is the quotient of the radius of 
the wheel by the radius of the 
axle. 

63. A pulley, when fixed in 
such a way that it can only turn 
about a fixed axis (Fig. 23), con- 
fers no mechanical advantage. It 
may be regarded as an endless 
lever of the first order with its 
two arms equal. 
The arrangement represented in Fig. 24 gives a 
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mechanical advantage of 2; for the lower or movable 
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pulley may be regarded as an endless lever of the second 
order, in which iJie arm of the power is the diameter of 
the pulley, and the ann of the weight is half the diameter. 
The same result is obtained by employing the principle of 
work; for if the weight rises i inch, 2 inches of slack are 
given over, and therefore the power descends 2 inches. 

64. In Fig. 2 5 there are six pulleys, three at the upper and 
three at thelower block, and one cord passes round them all. 
All portions of this coid (neglecting friction) axe stretched 




with the same force, which is equal to the power; and six 
of these portions, parallel to one another, support the 
weight The power is therefore one-sixth of the weight, 
or me mechanical advantage is 6. 

65. In the arrangement represented in Fig. 26, there 
are three movable pulleys, each hanging by a separate 
cord. The cord which supports the lowest pulley is 
stretched with 3 force equal to half the weight, since its 
two parallel portions jointly support the weight The 
cord which supports the next pulley is stretched with aforce 
half of this, or a quarter of the weight; and the next cord 
with a force half of this, or an eighth of the weight; but 
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this cord is directly attached to the power. Thus the power 
is an eighth of the weight, or the mechanical advantage is 8. 
If the weight and the block^ to which it is attached rise 
I inch, the next block rises 2 inches, the next 4, and the 
power moves through 8 inches. Thus, the work done 
by the power is equal to the work done upon the weight. 
In all this reasoning we neglect the weights of the 
blocks themselves ; but it is not difficult to take them into 
account when necessary. 

66. We now come to the inclined plane. Let AB 
(Fig. 27) be any portion of such a plane, and let AC and 
B C be drawn vertically and horizontally. Then A B is called 
the length, A C the height, and C B the base of the inclined 

plane. The force of gravity upon 
Fig. a?- a heavy body M resting on the 

plane, may be represented by a 
vertical line MP, and may be 
resolved by the parallelogram of 
forces (art. 21) into two com- 
ponents, MT, MN, the former 
parallel and the latter perpendicular to the plane. A 
force equal and opposite to the component . M T will 
suffice to prevent tie body from slipping down the plane. 
Hence, if the power act parallel to the plane, and the 
weight be that of a heavy body resting on the plane, the 
power is to the weight as MT to MP; but the two 
triangles M T P and A C B are similar, since the angles at 
M and A are equal, and the angles at T and C are right 
angles ; hence M T is to M P as A C to A B, that is, as the 
height to the length of the plane. 

67. The investigation is rather easier by the principle 
of work (art 25 or art. 44). The work done by the 
power in drawing the heavy body up the plane, is equal to 
the power multiplied by the length of the plane. But the 
work done upon the weight is equal to the weight multi- 



^The "pulley" is the revolving wheel. The pulley, together with the 
frame in which it is inclosed, constitute the "block. 




plied by the height through which it is raised, that is, bv 
the height of the plane. Hence we have 

Power X length of plane = weight x height of plane; or 
power : weight : : height of plane : length of plane. 

68. If, instead of acting parallel to the plane, the power 
acted parallel to the base, the work done by the power 
would be the product of the power by the base ; and this 
must be equal to the product of the weight by the height; 
so that in this case the condition of equilibrium would be 

Power : weight : : height of plane : base of plane. 

69. In these investigations we have neglected friction. 
The wedge may be regarded as a case of the inclined 
plane; but its practical action depends to such a large 
extent upon friction and impact' that we cannot pro- 
fitably discuss it here. 

70. The screw (Fig. 28) is also a c 
plaiie. The length of one convolu- 
tion of the thread is the length of the 
corresponding inclined plane, the 
step of the screw, or distance be- 
tween two successive convolutions 
(measured parallel to the axis of the 
screw), is the height of the plane, 
and the circumference of the screw is 
the base of the plane. This is easily | 
shown by cutting out a right-angled i 
triangle in paper, and bending it in I 
cylindrical fashion so that its base | 
forms a circle. 

71. In the screw press (Fig. 29) the screw is turned bjr 
means of a lever, which gives a great increase of mechani- 

'An imfitut (for example a blow of a hammer) may be r^arded as 
a very great (and variable) force acting for a veiy short time. The 
magnitude of an impact Is measured by the momentum which it gene- 
rates in the body struck. 
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cal advantage. In one complete revolution, the pressures 
applied to the two handles of the lever to turn it, do 
work equal to their 
'^»9' . „ sum multiplied by the 

\ circumference of the 
circle described (ap- 
proximately) by either 
handle (we suppose the 
two handles to be equi- 
distant from the axis of 
revolution); and the 
work given out by the 
machine, supposing the 
resistance at its lower 
end to be constant, is 
equal to this resistance multiplied by the distance be- 
tween the threads. These two products raust be equal, 
friction being neglected. 



72. In the common balance (Fig. 30) there is a stiff piece 
of metal, A B, called the beam, which turns about the sharp 
edge O of a steel wedge forming part of the beam and 
resting upon two hard and smooth supports. There are 
two other steel wedges at A and B, with their edges 
upwards, and upon these edges rest the hooks for support- 
ing the scale pans. The three edges (called knife- 
edges) are parallel to one another and perpendicular to 
the length of the beam, and are very nearly in one plane. 

73. The qualities requisite in a balance are: 

I. That it be consistent with itself; that is, that it 
shall give the same result in successive weighings of the 
same body. This depends chiefly on the tmeness of the 
knife-edges. 

a. That it be just This requires that the distances 
A O, OB, be equal, and also that the beam remain 
horizontal when the pans are empty. Any inequality 
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in the distances A O, OB, can be detected by putting 
equal (and tolerably heavy) weights into the two pans. 
This adds equal moments if the distances are equal, but 



Fig. 30^ 




unequal moments if they are unequal, and the greater 
moment will preponderate. 

3. Delicacy or sensibility (that is, the power of indicat- 
ing inequality between two weights even when their 
difference is very small). 

This requires a minimum of friction, and a very near 
approach to neutral equilibrium (art 39). In absolutely 
neutral equilibrium, die smallest conceivable force is 
sufficient to produce a displacement to the full limit of 
neutrality; and in barely stable equilibrium a small force 
produces a large displacement. The condition of 
stability is that if the weights supported at A and B be 
supposed collected at these edges, the centre of gravity of 
the system composed of the beam and these two weights 
shall be below the middle edge O. The equilibrium 
would be neutral if this centre of gravity exactly coincided 
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with O; and it is necessary as a condition of delicacy that 
its distance below O be very small. 

4. Facility for weighing quickly is desirable, but must 
sometimes be sacrificed when extreme accuracy is required. 

The delicate balances used in chemical analysis are 
provided with a long pointer attached to the beam. The 
end of this pointer moves along a graduated arc as the 
beam vibrates; and if the weights in the two pans are 
equal, the excursions of the pointer on opposite sides of the 
zero point of this arc will also be equal. Much time is con- 
sumed in watching these vibrations, as they are very slow; 
and the more nearly the equilibrium approaches to neu- 
trality, the slower they are. Hence quick weighing and 
exact weighing are to a certain extent incompatible. 

74. Double Weighing. — Even if a balance be not 
just, yet if it be consistent with itself, a correct weighing 
can be made with it in the following manner : — Put the 
body to be weighed in one pan, and counterbalance it 
with sand or other suitable material in the other. Then 
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remove the body and put in its place such weights as are 
just sufficient to counterpoise the* sand. These weights 
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are evidently equal to the weight of the body. This pro- 
cess is called double weighings and is often employed (even 
with the best balances) when the greatest possible accuracy 
is desired. 

75. Steelyard. — ^The steelyard (Fig. 31) is an instru- 
ment for weighing bodies by means of a single weight, P, 
which can be hung at any point of a graduated arm O B. 
As P is moved further from the fulcrum O, its moment 
round O increases, and therefore the weight which must 
be hung from the fixed point A to counterbalance it 
increases. Moreover, equal movements of P along the 
arm produce equal additions to its moment, and equal 
additions to the weight at A produce equal additions to 
the opposing moment. Hence the divisions on the arm 
(which indicate the weight in the pan at A) must be equi- 
distant. 

ACCELERATION. 

76. Atwood's Machine. — If two equal masses, of 
M grammes each, are hung from the ends of a fine cord 
passing over a pulley which turns without friction, they 
will of course balance one another. If initially at rest they 
will remain at rest, and if initially in motion (one descend- 
ing and the other ascending vertically) they will continue 
to move with uniform velocity. If an additional mass of 
m grammes be added to one of them there is no longer 
equilibrium, but there is a force of gm dynes (art. 46) 
communicating velocity to a mass of 2 M + m grammes 
(the masses of the pulley and cord being neglected). The 
velocity communicated in one second is the quotient of 

the force by the mass, that is — j^^r^ centimetres per 

second, or is ^ j^ of the velocity acquired in the same 

time by a freely falling body. 

A machine constructed on this principle (called At- 
wood's machine) is very much used for illustrating the 
laws of falling bodies, whose motion it imitates on a much 
slower scale. The additional mass m is of such a shape 
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that, when laid on one of the equal masses, M, it projects 
far beyond it on both sides. The mass M thus loaded 
descends in front of a scale of equal parts; and at any 
point we please of this scale a ring is fixed, which is large 
enough for the mass M to pass through it, but intercepts 
the additional mass. From this point onward the velocity 
is uniform, so that the velocity attained at the instant of 
arriving at the ring can be determined by observing the 
space described in a measured time after passing it. 

77. Acceleration. — Such motion as that of the 
loaded mass in Atwood's machine (or of a body falling 
freely) is said to be uniformly accelerated. The word 
acceleration denotes rcUe of increase of velocity^ just as the 
word velocity denotes rate of increase of distance; and 
as the velocity of a point moving along a straight line 
is called uniform when the distance of the point from 
one end of the line increases by equal amounts in 
equal times, so the acceleration of a point moving 
along a straight line is said to be uniform when its 
velocity increases by equal amounts in equal times. 
The velocity of a freely falling body (expressed in 
centimetres per second) increases by the amount g 
in every second, and the velocity of the loaded mass in 

Atwood's machine increases by the amount ,7f in 

every second. These amounts are called the accelera- 
tions in the two cases. The acceleration produced by a 
force of F dynes acting upon a mass of M grammes is 

jj|. If the motion be rectilinear, the velocity generated in 

/ seconds will be jj^/ centimetres per second, and the 

space described, commencing from rest, will be J^ 55 ^^ 
centimetres. (Compare art. 47.) 

78. Centrifugal Force. — In art 17 we have given 
a construction for finding the path of a body when acted 
on by a force not directed along the line of motion. Con- 
versely, if the path and the velocity of describing it are 
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given, the force — or rather the quotient of the force by 
5ie mass — can be found. If the path is circular, and the 
motion uniform, this quotient can be shown to be equal 

to — , V denoting the velocity of the motion, and r the 

radius of the circle. The force itself will be ^^, and 

will be directed towards the centre of the circle. This 
force must of course be exerted by some other body 
(art. 22) which itself experiences an equal and opposite 
force. Thus, if a stone be whirled round by means of a 
string held in the hand, the stone is constantly pulled 
inwards towards the hand, and the hand outwards towards 
the stone, the string serving as the means of transmitting 
this mutual force. If the string breaks, the stone flies off 
tangentially — ^that is to say, it ceases to be deflected ; and 
in like manner drops of water fly off tangentially from a 
wet wheel in rapid rotation. 

Bodies on the earth's surface tend to move off at a 
tangent, but are prevented from doing so by the attraction 
of tie earth. They are, in fact, constantly falling away from 

a tangent with the acceleration — , r denoting distance from 

the earth's axis; so that the true acceleration of a falling 
body at the equator exceeds the apparent acceleration 
by this amount. The apparent gravitating force of a 
mass of m grammes, at the equator, is less than the true 

gravitating force by ^ dynes, r being the equatorial 

radius of the earth in centimetres, and v the velocity of 
its surface at the equator in centimetres per second. If 
the earth rotated seventeen times as fast as at present, 

—p- would be equal to the true gravitating force of the 

body, and the apparent weights of bodies at the equator 
would be zero. The values of g which we have given in 
art 46 are the accelerations due to apparent gravity. 

What is called centrifugal force is not a true but only 
an apparent force. There is not really a force urging 
bodies upwards at the equator in opposition to gravity; 

8 
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but true gravity is greater than apparent gravity, because 
the surface of the earth is constantly falling away from a 
tangent, with an acceleration which is real, though not 
apparent to the senses. 

FRICTION. 

78A. When two bodies are pressed together in such a 
manner that the direction of their mutual pressure is not 
normal to the surface of contact, the pressure can be re- 
solved into two parts, one normal and the other tangen- 
tial. The tangential component is called the force of 
friction between the two bodies. The friction is called 
kineticcU or statical according as the bodies are or are not 
sliding one upon the other. 

As regards kinetical friction, experiment shows that if 
the normal pressure between two given surfaces be changed, 
the tangential force changes almost exactly in the same 
proportion; in other words, the ratio of the tangential to 
the normal force is nearly constant for two given surfaces. 
This ratio is called the coefficient of kinetical friction be- 
tween the two surfaces. 

78B. The statical friction between two given surfaces is 
zero when their mutual pressure is normal, and increases 
with the obliquity of the pressure if the normal component 
be preserved constant. The obliquity, however, cannot 
increase beyond a certain limit, depending on the nature 
of the bodies, and seldom amounting to so much as 45°. 
The limiting obliquity — that is, the greatest angle that 
the mutual force can make with the normal — is called the 
limiting angle of friction^ or the angle of sliding^ for the two 
surfaces; and the ratio of the tangential to the normal 
component when the mutual force acts at the limiting 
angle, is called the coefficient of statical friction for the two 
surfaces. The coefficient and limiting angle remain nearly 
constant when the normal force is varied. 

The coefficient of statical friction is in almost every case 
greater than the coefficient of kinetical friction; in other 
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words, friction offers more resistance to the commence- 
ment of sliding than to the continuance of it 

A body which has small coefficents of friction with other 
bodies is called slippery. 

78c. When an inclined plane is gradually tilted till a 
body l)nng on it slides under the action of gravity, the in- 
clination of the plane at which sliding begins is equal to 
the limiting angle of friction as above defined; and the 
ratio of the height to the base of the plane when inclined 
at this angle is the coefficient of statical friction between 
the plane and the body. Again, if the inclination of a 
plane be such that the motion of a body sliding down it 
under the action of gravity is neither accelerated nor 
retarded, the ratio of the height to the base will be the 
coefficient of kinetical friction. 
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EXAMPLES IN DYNAMICS. 



I. — Force, Mass, and Velocity. Arts. 1-15. 

The motion is supposed to be rectilinear, 

1. A force of 1000 dynes acting on a certain mass for 
one second gives it a velocity of 20 cm. per sec. Find the 
mass in grammes. 

2. A constant force acting on a mass of 1 2 gm. for one 
sec. gives it a velocity of 6 cm. per sec. Find the force 
in dynes. 

3. A force of 490 dynes acts on a mass of 70 gm. for 
one sec. Find the velocity generated. 

4. In the preceding example, if the time of action be 
increased to 5 sec, what will be the velocity generated ? 

In the following examples the unit of momentum referral to is the 
momentum of a gramme moving with a velocity of a centimetre per 
second, 

5. What is the momentum of a mass of 15 gm. moving 
witii a velocity of translation of 4 cm. per sec. ? 

6. What force, acting upon the mass for i sec, would 
produce this velocity? 

7. What force, acting upon the mass for 10 sec, would 
produce the same velocity? 

8. Find the force which, acting on an unknown mass 
for 12 sec, would produce a momentum of 84. 

9. Two bodies initially at rest move towards each other 
in obedience to mutual attraction. Their masses are 
respectively i gm. and 100 gm. If the force of attraction 
be Y^ of a dyne, find the velocity acquired by each mass 
in I sec 
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II. — Parallelogram of Velocities and Parallelo- 
gram OF Forces. Arts. 16-21. 

1. A ship sails through the water at the rate of 10 miles 
per hour, and a ball rolls across the deck in a direction 
perpendicular to the course, at the same rate. Find the 
velocity of the ball relative to the water. 

2. The wind blows from a point intermediate between 
N. and E. The northerly component of its velocity is 
5 miles per hour, and the easterly component is 12 miles 
per hour. Find the total velocity. 

3. The wind is blowing due N.E. with a velocity of 
10 miles an hour. Find tibe northerly and easterly com- 
ponents. 

4. Two forces of 6 and 8 units act upon a body in lines 
which meet in a point and are at right angles. Find 
the magnitude of their resultant. 

5. Two equal forces of 100 units act upon a body in 
lines which meet in a point and are at right angles. Find 
the magnitude of their resultant. 

6. A force of 100 units acts at an inclination of 45° to 
the horizon. Resolve it into a horizontal and a vertical 
component 

7. Two equal forces act in lines which meet in a point, 
and the angle between their directions is I2o^ Show 
that the resultant is equal to either of the forces. 

8. A body is pulled north, south, east, and west by 
four strings whose directions meet in a point, and the 
forces of tension in the strings are equal to 10, 15, 20, 
and 32 lbs. weight respectively. Show that the resultant 
is equal to 13 lbs. weight. 

III. — Action and Reaction. Art 22. 

I. A gun is suspended by strings so that it can swing 
freely. Compare the velocity of discharge of the bullet 
with the velocity of recoil of the gun; the masses of the 
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gun and bullet being given, and the mass of the powder 
being neglected. 

2. A bullet fired vertically upwards, enters and becomes 
imbedded in a block of wood falling vertically overhead; 
and the block is brought to rest by the impact If the 
velocities of the bullet and block immediately before col- 
lision were respectivelv 1500 and 100 ft per sec, compare 
their masses. 

IV. — Parallel Forces. Arts. 26-34. 

1. A straight rod 10 ft long is supported at a point 
3 ft. from one end. What weight hung from this end 
will be supported by 12 lbs. hung from the other, the 
weight of the rod being neglected ? 

2. Weights of 15 and 20 lbs. are hung from the two 
ends of a straight rod 70 in. long. Find the point about 
which the rod will balance, its own weight being neglected. 

3. A weight of 100 lbs. is slung from a pole which rests 
on the shoulders of two men, A and B. The distance 
between the points where the pole presses their shoulders 
is 10 ft, and the point where the weight is slung is 4 ft. 
from the point where the pole presses on A's shoulder. 
Find the weight borne by each, the weight of the pole 
being neglected. 

When the weight of a lever comes into account j it may he regarded as 
acting at the centre of gravity of the lever, 

4. A uniform straight lever 10 ft long balances at a 
point 3 ft. from one end, when 1 2 lbs. are hung from this 
end and an unknown weight from the other. The lever 
itself weighs 8 lbs. Find the unknown weight. 

5. A straight lever 6 ft long weighs 10 lbs., and its 
centre of gravity is 4 ft. from one end. What weight at 
this end will support 20 lbs. at the other, when the lever 
is supported at i ft distance from the latter? 

6. Two equal weights of 10 lbs. each are hung one at 
each end of a straight lever 6 ft. long, which weighs 5 lbs.; 
and the lever, thus weighted, balances about a point 3 in. 
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distant from the centre of its length. Find its centre of 
gravity. 

7. A uniform lever 10 ft. long balances about a point 
I ft. from one end, when loaded at that end with 50 lbs. 
Find the weight of the lever. 

8. A straight lever 10 ft long, when unweighted, balances 
about a point 4 ft. from one end; but when loaded with 
20 lbs. at this end and 4 lbs. at the other^ it balances 
about a point 3 ft from the end. Find the weight of the 
lever. 

9. A lever is to be cut from a bar weighing 3 lbs. per 
ft. What must be its length that it may balance about a 
point 2 ft. from one end, when weighted at this end with 
50 lbs.? ^The solution of this question involves a quad- 
ratic equation.) 

10. A lever is supported at its centre of gravity, which 
is nearer to one end than to the other. A weight P at 
the shorter arm is balanced by 2 lbs. at the longer; and 
the same weight P at the longer arm is balanced by 18 lbs. 
at the shorter. Find P. 

11. Weights of 2, 3, 4 and 5 lbs. are hung at points 
distant respectively i, 2, 3 and 4 ft from one end of a 
lever whose weight may be neglected. Find the point 
about which the lever thus weighted will balance. (This 
and the following questions are best solved by taking 
moments round the end of the lever. The sum of the 
moments of the four weights is equal to the moment of 
their resultant) 

1 2. Solve the preceding question, supposing the lever 
to be 5 ft. long, uniform, and weighing 2 lbs. 

13. Find, in position and magnitude, the resultant of 
two parallel and oppositely directed forces of 10 and 12 
units, their lines of action being i yard apart 

14. A straight lever without weight is acted on by four 
parallel forces at the following distances from one end : — 

At z ft., a force of a ttnits, acting upwards. 
At s ft., „ 3 m m downwards. 
At 3 ft., „ 4 „ „ upwards. 
At 4 ft, „ 5 „ „ downwards. 
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Where must the fiilcram be placed that the lever may be 
in equilibrium, and what will be the pressure against the 
fulcrum? 

15. A straight lever, turning freely about an axis at 
one end, is acted on by four parallel forces, namely — 

A downward force of 3 lbs. at z ft. from axis. 
A downward force of 5 ,, 3 ft. 
An upward force of 4 ,, 2 ft. 
An upward force of 6 „ 4 ft. 



If 
If 



What must be the weight of the lever that it may be in 
equihbrium, its centre of gravity being 3 ft. from the axis? 



V. — Centre of Mass or Centre of Gravity. 

Arts. 31-40. 

1. A body consists of three pieces, whose masses are 
as the numbers i, 3, 9; and the centres of these masses 
are at heights of 2, 3, and 5 cm. above a certain level. 
Find the height of the centre of the whole mass above 
this level. 

2. The body above-mentioned is moved into a new 
position, in which the heights of the centres of the three 
masses are i, 3, and 7 cm. Find the new height of the 
centre of the whole mass. 

3. Find the work done against gravity in moving the 
body from the first position into the second; employing 
as the unit of work the work done in raising the smallest 
of the three pieces through i cm. 

4. Find the portions of this work done in moving each 
of the three pieces. 

5. An isosceles triangle stands upon one side of a square 
as base, the altitude of the triangle being equal to a side 
of the square. Show that the distance of the centre of 
the whole figure from the opposite side of the square is 
"5^ of a side of the square. [The centre of mass of a uni- 
form triangular plate, or the centre of area of a triangle, 
lies on the line joining any comer to the middle point 
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of the opposite side, and divides this line in the ratio of 

2 to I.]. 

6. A right cone stands upon one end of a right cylinder 
as base, the altitude of the cone being equal to the height 
of the cylinder. Show that the distance of the centre of 
the whole volume from the opposite end of the cylinder 
is ^ of the height of the cylinder. [The centre of mass 
of a cone of uniform density, or the centre of volume of 
any cone, lies on the line joining the vertex to the centre 
of area of the base, and divides this line in the ratio of 

3 to I.] 

VI. — Stability and Instability. Arts. 37-41. 

1. Two equal weights hanging from the two ends of a 
string, which passes over a fixed pulley without friction, 
balance one another. Show that the equilibrium is neu- 
tral if the string is without weight, and is unstable if the 
string is heavy. 

2. Show that a uniform hemisphere resting on a hori- 
zontal plane has two positions of stable equilibrium. Has 
it any positions of unstable equilibrium? 

VII. — Falling Bodies. Arts. 46, 47. 

Assuming that a falling body acquires a velocity of 980 
cm. per sec. by falling for i sec, find: — 

1. The velocity acquired in 3^ of a second. 

2. The distance passed over in ^ sec. 

3. The distance that a body must fall to acquire a velo- 
city of 980 cm. per sec. 

4. The time of rising to the highest point, when a body 
is thrown vertically upwards with a velocity of 6860 cm. 
per sec. 

5. The height to \^hich a body will rise, if thrown verti- 
cally upwards with a velocity of 490 cm. per sec. 

6. The velocity with which a body must be thrown 
vertically upwards that it may rise to a height of 200 cm. 
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7. The velocity that a body will have after ^ sec, if 
thrown vertically upwards with a velocity of 300 cm. 
per sec. 

8. The point that the body in last question will have 
attained. 

9. The velocity that a body will have after 2 J sec., if 
thrown vertically upwards with a velocity of 800 cm. per 
sec. 

10. The point that the body in last question will have 
reached. 

Assuming that a falling body acquires a velocity of 
32 ft. per sec. by falling for i sec, find; — 

11. The velocity acquired in 12 sec 

12. The distance fallen in 12 sec. 

13. The distance that a body must fall to acquire a 
velocity of 10 ft per sec 

14. The time of rising to the highest point, when a 
body is thrown vertically upwards with a velocity of 160 
ft. per sec. 

15. The height to which a body will rise, if thrown ver- 
tically upwards with a velocity of 32 ft. per sec. 

16. The velocity with which a body must be thrown 
vertically upwards that it may rise to a height of 25 ft. 

17. The velocity that a body will have after 3 sec, if 
thrown vertically upwards with a velocity of 100 ft. per 
sec. 

18. The height that the body in last question will have 
ascended. 

19. The velocity that a body will have after ij sec, if 
thrown vertically downwards with a velocity of 30 ft. per 
sec 

20. The distance that the body in last question will 
have described. 

VIII. — Energy. Arts. 45-50. 

I. Express in ergs the kinetic energy of a mass of 50 
gm. moving with a velocity of 60 cm. per sec 
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2. Express in ergs the work done in raising a kilogram 
tbrough a height of i metre, at a place where ^ is 981. 

3. A mass of 123 gm. is at a height of 2000 cm. above 
a level floor. Find its energy of position estimated with 
respect to the floor as the standard level {g being 981). 

4. A body is thrown vertically upwards at a place where 
g is 980. If the velocity of projection is 9800 cm. per 
sec, and the mass of the body is 22 gm., find the energy 
of the body's motion when it has ascended half way to its 
maximum height Also find the work done against gravity 
in this part of the ascent 

5. The height of an inclined plane is 12 cm., and the 
length 24 cm. Find the work done by gravity upon a 
mass of I gm. in sliding down this plane (g being 980), 
and the velocity with which the body will reach the bot- 
tom if there be no friction. 

6. If the plane in last question be not frictionless, and 
the velocity on reaching the bottom be 20 cm. per sec, 
find how much energy is consumed in friction. 

IX. — Rate of doing Work. 

1. Find the work expended in discharging a bullet 
whose mass is 30 gm. with a velocity of 40,000 cm. per 
sec; and the number of such bullets that will be dis- 
charged with this velocity in a minute if the rate of work- 
ing is 7460 million ergs per sec. (one horse-power). 

2. One horse-power being defined as 550 foot-pounds 
per sec; show that it is nearly equivalent to 8*8 cubic ft 
of water lifted i ft. high per sec. (A cubic foot of water 
weighs 62 J lbs. nearly. A foot-pound is the work done 
against gravity in lifting a pound through a height of i ft) 

3. How many cubic feet of water will be raised in one 
hour from a mine 200 ft deep, if the rate of pumping be 
15 horse-power? 

X. — Mechanical Powers. Arts. 57-71. 
I. On an inclined plane whose height is ^ of its length, 
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what power acting parallel to the plane will sustain a 
weight of 112 lbs. resting on the plane without fric- 
tion? 

2. The height, base, and length of an inclined plane 
are as the numbers 3, 4, 5. What weight will be sustained 
on the plane without friction by a power of 100 lbs. acting 
(a) parallel to the base, (i) parallel to the plane? 

3. Find the ratio of the power applied to the pressure 
produced in a screw-press without friction, the power being 
applied at a distance of i ft, from the axis of the screw, 
and the distance between the threads being ^ in. 

4. In the S)rstem of pulleys in which* one cord passes 
round all the pulleys, its different portions being parallel, 
what power will sustain a weight of 2240 lbs. without fric- 
tion, if the number of cords at the lower block be 6? 



XI. — ^Atwood's Machine. Arts. 76, 77. 

Two weights are connected by a cord passing over a 
pulley as in Atwood's machine, friction bekig neglected, 
and also the masses of the pulley and cord; find: — 

1. The acceleration when one weight is double of the 
other. 

2. The acceleration when one weight is to the other as 
20 to 21. 

Taking^ as 980, in terms of the cm. and sec, find: — 

3. The velocity acquired in 10 sec, when one weight is 
to the other as 39 to 41. 

4. The velocity acquired in moving through 50 cm., 
when the weights are as 19 to 21. 

5. The distance through which the same weights must 
move that the velocity acquired may be double that in last 
question. 

6. The distance through which two weights which are 
as 49 to 51 must move tiiat they may acquire a velocity 
of 98 cm. per sec 
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ANSWERS TO EXAMPLES IN DYNAMICS. 

I. — Ex. I. 50. Ex. 2. 72. Ex. 3. 7 cm. per sec. Ex. 4. 
35. Ex. 5. 60. Ex. 6. 60 dynes. Ex. 7. 6 dynes. Ex. 8. 
7 dynes. Ex. 9. Smaller mass xir, larger Trrimr cm. per sec. 

II. — Ex. I. 14*14. Ex. 2. 13. Ex. 3. 7*07 each. Ex. 4. 
10. Ex. 5. .141:4* Ex. 6. 7*07 each. Ex. 7. Introduce a 
force equal .and opposite to the resultant. Then we have 
three forces making angles of 120° with each other. 

1 1 1.: — Ex. I . Inversely as masses of bullet and gun. Ex. 2. 
Mass of bullet is rr of mass of block. 

IV. — Ex. I. 28. Ex. 2. 40 in. from smaller weight. Ex. 3. 
60 lbs. by A, 40 lbs. by B. Ex. 4. 27 lbs. Ex. 5. 2 lbs. 
Ex. 6. 15 in. from centre. Ex. 7. 12} lbs. Ex. 8. 32 lbs. 
Ex. 9. io'4 ft. nearly. Ex. 10. 6 lbs. Ex. 11. 2-? ft. from 
end. Ex. 12. 2f|. Ex. 13. 2 units acting at distance of 
5 yards from the greater force. Ex. 14. 6 ft. from the end; 
pressure 2 units. Ex. 15. 4! lbs. 

v.— Ex. I. i + s + 9 ii 4T3r cm. 

Ex. 2. '^\"-i:ro^^' = r^ = 5Acm. 
1 + 3 + 9 13 ■'* 

Ex. 3. I A X 13 = 17. Ex. 4. -1,0, and + 18. Ex. 5. The 
mass of the triangle may be called i ; then that of the square 
will be 2. Also, calling the side of the square i, the distances 
of the centres of the square and triangle from the opposite 
side are J and i J. Then we have 

g X t + I X ij __ ?J ^ 7^ 

2 + 1 3 "^ 9* 

Ex. 6. Calling volume of cone i, volume of cylinder will be 3. 
Also, calling height of cylinder i, the distances of the centres 
of the two volumes from the opposite end will be ^ and i^. 
Then we have 

3x^ + 1x1^ ^ '^ 

3 + 1 " 4 ** 16 

VII. — Ex. I. 98 cm. per sec. Ex. 2. 4*9 cm. Ex. 3. 
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490 cm. Ex. 4. 7 sec. Ex. 5. 122^ cm. Ex. 6. 626 cm. 
per sec. Ex. 7. 6 cm. per sec. upwards. Ex. 8. 45*9 cm« 
above point of projection. Ex. 9. 1650 cm. per sec. down- 
wards. Ex. 10. 1062^ cm. below starting point. Ex. 11. 
384 ft. per sec. Ex. 12. 2304 ft. Ex. 13. lA ft. Ex. 14. 
5 sec. Ex.15. 16 ft Ex.16. 40 ft. per sec. Ex.17. 4 ft 
per sec. upwards. Ex. 18. 156 ft. Ex. 19. 78 ft. per sec. 
Ex. 20. 81 ft. 

VIII. — Ex. I. 90,000 ergs. Ex. 2. 98,100,000 ergs. Ex. 
3. 240,926,000 ergs. Ex. 4. 264,110,000 ergs each. Ex. 5. 
11,760 ergs; V 23520 = 153*4 cm. per sec. Ex. 6. 11,560 
ergs. 

IX. — Ex. I. 24 X 10® ergs in each discharge. Ex. 2. Not 
quite 19 discharges per min. Ex. 3. 2376 nearly. 

X. — Ex. I. 14 lbs. Ex. 2. (a) 133^^ lbs.; (d) i66| lbs. 
Ex. 3. I to 603 nearly. Ex. 4. 373J lbs. 

XI. — Ex. I. J ^. Ex. 2. iV g, Ex. 3. 245 cm. per sec. 
Ex. 4. 70 cm. per sec. Ex. 5. 200 cm. Ex. 6. 196 cm. 
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79. — We shall now treat of the laws of force as applied 
to fluids. This branch of the general science of d)mamics 
is called hydrodynamics {vhutp, water), and is divided into 
hydrostatics and hydrokinetics. Our discussions will be 
almost entirely confined to hydrostatics. 

FLUIDS. — TRANSMISSION OF PRESSURE. 
The name fluid comprehends both liquids and gases. 

80. A fluid at rest cannot exert any tangential force 
against a surface in contact with it; its pressure at every 
point of such a surface is entirely normal. A slight tan- 
gential force is exerted by fluids in motion; and this fact 
is expressed by saying that all fluids are more or less vis- 
cous. An imaginary perfect fluid would be perfectly free 
from viscosity; its pressure against any surface would be 
entirely normal, whether the fluid were in motion or at 
rest. 

81. When pressure is uniform over an area, the total 
amount of the pressure, divided by the area, is called the 
intensity of the pressure. The C.G.S. unit of intensity of 
pressure is a pressure of a dyne on each square centimetre of 
surface. A rough unit of intensity frequently used is the 
pressure of a pound per square inch. This unit varies with 
the intensity of gravity, and has an average value of about 
69,000 C.G.S. units. Aiiotherroughunitof intensity of pres- 
sure frequently employed is "an atmosphere" — that is to 
say, the average intensity of pressure of the atmosphere 
at the surface of the earth. This is about 1,000,000 
C.G.S. units. 

82. The single word "pressure" is used sometimes to 
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denote "amount of pressure" (which can be expressed in 
dynes), and sometimes " intensity of pressure" (which can 
be expressed in dynes per square centimetre). The con- 
text usually serves to show which of these two meanings 
is intended. 

83. The intensity of pressure at any point of a fluid 
is the same in all directions; it is the same whether the 
surface which receives the pressure faces upwards, down- 
wards, horizontally, or obliquely. 

84. In this respect the action of a fluid is very differ- 
ent from that of a powder or mass of loose solid particles. 
In a heap of powder, and in an embankment of sand or 
any kind of earth, the pressure at a point of the interior 
is usually greater in the vertical than in the horizontal 
direction, the diff"erence being produced by gravity and 
maintained by friction (or, to speak more properly, by tan- 
gential force). In a substance whose particles can slide past 
each other without friction no such difference can exist. 

85. For, let A B C D (Fig. 32) be a small cube, with its 

faces vertical and horizontal, in the 
^^e- 3». I interior of a mass either of liquid or 

loose powder; and let the pressures 
on its faces be normal. Then if the 
vertical and horizontal pressures be 
equal in intensity, the pressure on 
the top DC, together with that on 
the side D A, will give a resultant 
acting in the line D O, which is per- 
pendicular to the diagonal A C; and 
will merely tend to press the half- 
cube ADC against the other half-cube ABC. But if 
the pressure on the face D C is greater than that on the 
face D A, the resultant will act in some such direction as 
R O, and will tend to make the half- cube ADC slide 
down. Equilibrium therefore cannot subsist (with vertical 
and horizontal pressures unequal) unless there is friction 
(or tangential force) between the two half-cubes, sufficient 
to counteract this tendency to slide. 
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86. A heap of loose material can stand, provided its 
sides are not so steep that when any of the material is 
sprinkled upon them it slips down. This limiting gradi- 
ent depends on the coefficient of friction of the material 
against itself; and when this coefficient is zero, as in the 
case of liquids, there can be no gradient at all; in other 
words, the surface of a liquid at rest must be horizontal, 

87. Principle of Transmissibility of Pressure 
in a Fluid. — ^When a fluid is confined, if the intensity 
of pressure in one part be increased, by forcing in a pis- 
ton, or by any other means, an equal increase will be pro- 
duced in the intensity of pressure at all other parts; in 
other words, pressure applied to any one part is transmitted 
without any change in its in- 
tensity, to all other parts, 

88. Hence, if there be two 
pistons (Fig. 33) of sectional 
areas A, a, working in cylin- 
ders which communicate with 
each other, the intervening 
space being filled with either 
air or water, a force applied to 
the smaller piston to push it in 
will produce a greater force 
against the inner surface of 
the larger, tending to push 
it out Suppose, for instance, 
that A is equal to sixteen times a. Then a force P applied 

to the smaller, produces a pressure of intensity —, through 

the whole of the inclosed fluid; and the force exerted by 

this transmitted pressure against the larger piston is — 

PA 

multiplied by the area A, that is — , or 16 P. Such an 
arrangement, therefore, constitutes a machine with a me- 
chanical advantage t- 

89. When the smaller piston is pushed in through a 




so 
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distance h, the pressure being supposed to remain constant, 
the volume a hoi fluid is pushed out of the smaller cylin- 
der and into the laiger. This implies that the large piston 
moves outwards through a distance -z- , that is -^ h. Thus 
the work which the machine gives out is i6 P x -^h, 
which is identical with P h, the work done in pushing in 
the smaller piston. 

go. In the hydraulic press, or Bramah press, shown 
in section in Fig. 34, the pistons are replaced by 
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plungers, that is solid cylinders which enter the water. 
The pressure of the liquid on the sides of a plunger has 
no tendency to drive it either in or out, so that it is only 
necessary for our purpose to consider the pressures on the 
ends. A plunger may therefore be regarded as equivalent 
to a piston of the same sectional area, and it has the prac- 
tical advantage of being more easily made water-tight. 

91. The smaller plunger is worked by a lever handle; 
and the bodies to be pressed are placed above the larger 
plunger. During the up-stroke of the small plunger the 
water is prevented from returning by a valve, and a fresh 
supply of water enters the small cylinder through another 
valve, which communicates with a reservoir. In the 
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down-Stroke this latter valve closes, and the former opens. 
If L and / are the lengths of the longer and shorter arms 
of the lever, a force F exerted in pushing down the handle 

produces a force F -j pressing the small plunger downwards, 

and this, by the foregoing principles, produces a force 

L A 

F-y • — , urging the large plunger upwards. The total 

"mechanical advantage" of the press is therefore 7 • — , 

or is the product of the mechanical advantage -7 of the 

lever-handle by the mechanical advantage — , due to the 

inequality of the areas of the plungers. 

When the diameters of the plungers are given, the stu- 
dent must bear in mind that the areas of two circles (or 
of any two similar figures) are as the squares of their dia- 
meters. Thus, if the diameters are as i to 10, the value 

of — will be 100 

a 



PRESSURE AS DEPENDENT ON DEPTH. 

92. In a uniform liquid at rest the intensity of pres- 
sure is the same at all points at the same depth. For a 
cylindrical portion of the liquid, such as A B (Fig. 35), 



Fig. 35. 



Fig. 36. 





would be pushed from A towards B if the pressure at A 
were greater than that at B. 

93. Again, consider a cylindrical portion with its axis 
vertical, 2&m' m (Fig. 36). It is urged downwards by its 
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own weight and by the pressure on its upper end, and is 
urged upwards by the pressure on its lower end. The 
pressures on its sides urge it neither upwards nor down- 
wards. Hence the amount of pressure on a horizontal 
area at any level A B is greater than that on an equal hori- 
zontal area at a higher level C D, by the weight of a cylin- 
der of the liquid whose base is equal to either of these 
areas, and whose height is the difference of levels. 

94. By taking the upper end of our cylinder in the 
free surface — that is, the surface exposed to the air, we 
obtain the following rule: — The pressure on a horizontal 
area at any depth is greater than the pressure of the atmo- 
sphere on an equal area by the weight of a cylinder of the 
liquid whose base is equal to this area^ and whose height is 
equal to the given depth. 

If we suppose that the surface of the liquid is free from 
pressure, a perfect vacuum being preserved above it, the 
pressure on a horizontal area at any depth will be equal 
to the weight of the aforesaid cylinder. 

95. This weight is the product Khw oi three factors, 
namely, the area A, the depth h^ and the weight w of unit 
volume of the liquid. If h be expressed in centimetres, A 
must be in square centimetres, and w will be the weight 
of a cubic centimetre of the Hquid. The intensity of 
pressure due to the depth is found by putting A= i, and 
is hw. 

When the centimetre is employed as the unit of length, 
it is convenient to express weights in grammes. Then 
if d denote the density of the liquid in grammes per cubic 
centimetre, the intensity of the pressure due to the depth h 
will be ^</ grammes per square centimetre, or ^^^ dynes 
per square centimetre, g denoting the intensity of gravity. 

The actual intensity of pressure at any depth in a liquid 
is the pressure due to the depth plus the pressure at the 
surface. 

96. The pressure on an area which is not horizontal 
is most intense on those parts which are deepest, and the 
average pressure over any area is equal to the actual 
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pressure at its centre; — the name centre of area^ or centre of 
an area^ being used to denote that point which would be 
the centre of mass of a very thin uniform plate coinciding 
with the area. The total amount of pressure (in addition 
to the transmitted atmospheric pressure) on any area A is 
therefore A/iw; where w denotes, as before, the weight of 
unit volume of the liquid, and A denotes the depth of 
the centre of area. 

97. The resultant pressure on a horizontal area acts 
at its centre, since the pressure is uniformly distributed 
over itj but the pressure on a vertical or oblique plane 
area is not uniformly distributed; it increases with the 
depth, and the resultant therefore acts at a point lower 
down than the centre of area. The point at which the 
resultant acts (that is, the point where the line of action 
of the resultant cuts the area) is called the centre of pres- 
sure. It is usual, in determining the centre of pressure, to 
leave atmospheric pressure out of account, and attend 
only to the pressure due to the weight of the liquid. 

98. When the dimensions of the area are very small 
in comparison with the depth (as in the case of an area 
an inch square at the depth of a mile in the sea), the pres- 
sure is sensibly uniform over it, and the centre of pressure 
is therefore sensibly coincident with the centre of area. 
The same remark applies to the pressure of the atmo- 
sphere over an area measuring even several 
yards in length and breadth. 

99. When two liquids which do not mix 
occupy the two arms of a bent tube, as in 
rig« 37? where AE represents water and 
ED mercury, the heavier liquid will oc- 
cupy the lowest part of the tube, and 
the intensity of pressure at the surface of 
junction E will be equal to that at E', a 
point at the same level in the other arm. 
Hence the pressure due to the depth A E of the lighter 
liquid must be the same as that due to the depth D E' of 
the heavier. That is, the heights of the free surfaces A 
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and D (both supposed to be at the same atmospheric 
pressure) above the surface of junction will be inversely 
as the densities of the two liquids. The density of mer- 
cury is about 13 J times that of water; hence the height 
A £ in the figxure should be about 13 J times D E', 

If only a single liquid occupy the tube, it will stand at 
the same level in both branches. 

100. Thus far we have been supposing both ends of 
the tube to be open, and in free communication with 
the atmosphere. If the tube be closed at one 
Fig. 38. end, as in Fig. 38, so as to imprison a portion 
of air AN, the level of the liquid will not be 
the same in both branches, except when the 
imprisoned air happens to be at the same pres- 
sure as the external air. If this air is at greater 
pressure than the external air (which will be the 
3) case if the liquid has been introduced by pour- 

ing it in at the open end without moving the 
tube,) the pressure at N, the point of junction 
of the liquid with the inclosed air, will be equal 
to that at the same level N' in the open branch, 
and will exceed atmospheric pressure by the 
pressure due to the depth C N' of the liquid. 
In general, if h denote the difference of levels, 
of one and the same liquid in the two branches 
of a bent tube, or in any two connected vessels, 
and w the weight of unit volume of the liquid, 
then h w will be the difference of the pressures 
(in gravitation measure) at the free surfaces. 
The lower of the two free surfaces is that which 
is exposed to the greater pressure. 

loi. If there is a perfect vacuum over one 
of the two free surfaces, so that this surface is 
altogether exempt from pressure, hw will be 
equal to the pressure at the other free surface. This is 
the principle of the common barometer, in which the 
pressure of the air is balanced by that of a column of mer- 
cury with a vacuum above it. 
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102. Torricellian Experiment. — ^Let a glass tube 
about 3 feet long, closed at one end and open at the other, 
be filled with mercury (Fig. 39). Then, keeping the finger 
pressed against the open end, let the tube be inverted, and 
the open end plunged in a vessel of mercury. If the finger 

A 
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be then removed the mercury will fall in the tube, leav- 
ing a nearly vacuous space above it; and the top of the 
column of mercury in the tube will be found to be about 
30 inches higher than the surface of the mercury in the 
cistern. This experiment was first made by Torricelli. 
103. The density of pure mercury at the temperature 
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o° C. is 13*596; hence, if h denote the difference of heights 
(between the top of the column and the surface of the 
mercury in the vessel) expressed in centimetres, the excess 
of the pressure of the atmosphere above the pressure in 
the nearly vacuous space, will be ^ x 13*596 grammes per 
square centimetre, or ghy. 13*596 dynes per square cen- 
timetre. 

At Paris, where j^ is 980*94, if we suppose h to be 76, 
which is commonly adopted as the average height, and 
d to be 13*596, we find ghd= 1013600. In round num- 
bers, then, the average pressure of the atmosphere is a 
million dynes upon a surface of one square centimetre. The 
actual pressure of the atmosphere at a given place varies 
considerably from time to time, the difference between its 
greatest and smallest values being about one-fifteenth of 
the mean pressure. Seventy-six centimetres, which is usu- 
ally adopted as the standard height of the mercurial column, 
is about 29*92 English inches. 

104. It is easy to compute the resultant force due to 
atmospheric pressure upon a plane surface, since we have 
merely to multiply the intensity of the pressure by the area 
of the surface. A similar computation applied to a surface 
which is not plane gives what is called the total pressure 
upon it; but this is an element of less interest than the 
resultant pressure. If a body has one plane face, the 
resultant pressure upon the remainder of its surface is 
easily found, for it must be equal and opposite to the 
pressure on the plane face, since atmospheric pressure, 
when acting all round a body, does not tend to move the 
body as a whole. The force with which the air holds the 
receiver of an air-pump against the plate on which it rests 
is equal to the area of the base of the receiver multiplied 
by the difference between the intensities of the pressures 
without and within. 

Expressed in gravitation measure, the pressure of the 
atmosphere at or near sea-level is something less than 
15 lbs. per square inch. The reason why we do not feel 
this pressure in ordinary circumstances is that the liquids 
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in the pores and passages of our bodies are at an equal or 
greater pressure. 

105. In the best barometets the tube is vertical, and 
dips into mercury at its lower end, as in the Torricellian 
experimenL The vessel containing this mercury is called 
the cistern. Fig. 40 represents another form, called the 
siphon barometer, in which the mercury is 
contained in a bent tube with two vertical ^w- *>■ 
branches. The shorter branch is open to the 
air, and the vacuous space is at the top of 
the longer branch. Whichever form of in- 
strument be adopted, it is the difference of 
levels between the mercury exposed to the 
vacuum and the mercury exposed to the air 
that must be taken as " the barometric 
height;" that is to say, as the height of a 
mercurial column which exerts the same pres- 
sure as the atmosphere, 

106. In order that the barometric height 
at a given place may be truly proportional to 
the pressure of the air at that place, the mer- 
cury must always have the same density. 
Now mercury expands with heat, and is there- 
fore less dense in waim than in cold veather. 
To avoid error from this cause a standard 
temperature for the mercury has by common 
consent been adopted, namely, o°C., or 3z°F.; 
and the observed barometric height is "cor- 
rected for temperature" by calculating the 
length of a column of mercury of the standard tempera- 
ture which would exert the actual pressure. 

For example, if the mercury be so warm that it has 
only -^ of the density of mercury at the standard tem- 
perature, the reduced height will be -^ of the observed 
height We here suppose the observed height to be 
known in absolute measure; for example, in true centi- 
metres or inches. But, practically, it is measured on a 
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brass scale, which itself expands with heat and contracts 
with cold, so that the centimetres or inches marked upon 
it are only true at one particular temperature. This 
circumstance causes the correction for temperature to 
be rather smaller than it would otherwise be. If the 
scale expanded in length exactly as much as the mercury 
expands in volume, no correction for temperature would 
be required at all. 

It is further necessary, in most barometers, to apply a 
small correction for capillarity (see art 163). 

^^«*4x. LAWS OF BOYLE AND DALTON. 

107. Boyle's La^v (sometimes called Mari- 
otte's law). — When a gas is compressed^ or allowed 
to expand, its pressure varies in the inverse ratio of 
its volume, provided that its temperature be kept 
constant. Thus, if a quantity of air at the pres- 
sure of one atmosphere be compressed (at con- 
stant temperature) to half its original volume, it 
will have a pressure of two atmospheres. The 
same law may be thus stated; let z; denote the 
volume and / the pressure (per unit area) of a 
given quantity of gas (both expressed in terms 
of any units we please), then the product vp will 
always have the same value at the same tem- 
perature. This is Boyle's law, so called from its 
discoverer. It may be verified by the following 
experiment. 

108. Take a bent tube of uniform bore 
^ (Fig. 41), with both limbs vertical, the shorter 

I being closed at the end, and the longer open. 

I Pour in enough mercury to cut off communi- 

m1L_ if cation between the two limbs; and when you 

^Wr have succeeded in making it stand at the same 

level M M in both branches, measure the height 

AM of the air in the shorter branch. This air is now at the 

same pressure as the external air. Next pour in mercury 
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till it Stands about 76 centimetres, or 30 inches, higher 
in the open than in the closed branch ; strictly speaking, 
this difference should be made equal to the 
" barometric height" at the time. It will then ^'^' ^' 
be found that the mercury in the closed branch 
has risen to a point n, half-way between m and 
A (Fig. 42); in other words, that the air con- 
fined in the closed limb, which is now at a 
pressure of two atmospheres, has only half its 
original volume. 

109. Or take a straight tube, closed at one 
end and open at the other. Partially fill it with 
mercury, and measure the remaining portion 
which is occupied with air; let its length be 
called a. Then close the open end with the 
finger, and invert the tube in a cistern of mer- 
cury as in the Torricellian experiment. In this 
position measure the length of the inclosed air, 
which will be greater than before; call it d. 
Also measure the height of the mercury in the 
tube above that in the cistern; call it ^, and let 
H denote the barometric height at the time. 
Then it will be found that the product Ha is 
equal to the product (H - h) d, — a result which |m« 
verifies the law; for the expanded air is at a pres- 
sure due to a column H - ^ of mercury, while 
the unexpanded air is at a pressure due to H. 

no. Boyle's law is not absolutely exact For air, 
oxygen, and nitrogen, the product v^ is sensibly less at 
a pressure of twenty or thirty atmospheres than at one 
atmosphere; but the deviation from exactness can only 
be detected by measurements of great precision. For 
those gases which can be easily liquefied, such as carbonic 
acid, vp diminishes as they approach liquefaction. For 
hydrogen, oxygen, nitrogen, and common air (all rendered 
perfectly dry), at any pressures from the lowest that have 
been measured up to two or three atmospheres, the law is 
practically exact 
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111. Dalton's La^v. — ^When two or more gases, 
which do not act chemically upon one another, are mixed, 
with or without expansion or compression, — all measure- 
ments being made at one and the same temperature, — 
the sum of the separate values of vp before mixture is 
equal to the value of vp for the mixture. If we apply 
this law to the mixture of two or more portions of the 
same gas, it simply gives us Boyle's law, which may there- 
fore be regarded as a particular case of Dalton's. Dalton's 
law may be expressed by saying that the total pressure in 
a mechanical mixture of gases is the sum of the pressures 
due to the component gases considered separately; or, 
each gas exerts its awn pressure just as if the others were 
not present. As regards exactness, this law is about on a 
par with that of Boyle. 

112. The effect of increase of temperature upon a gas 
is to increase vp. Thus, if a gas be heated at constant 
pressure (as when the air of a room is heated by a fire), 
it expands; and if it be heated at constant volume (being 
inclosed, for example, in an air-tight vessel), it increases 
in pressure. The alteration produced in vp by change 
of temperature is almost exactly the same for hydrogen, 
oxygen, nitrogen, and common air. Hence the value of 
vp for a gas affords a natural measure of temperature. 
Temperatures thus expressed are called "absolute tem- 
peratures by the air-thermometer." If T denote tempera- 
ture thus reckoned, then, by definition, for any given mass 
of gas which undergoes changes of temperature, 

vp varies as T, 
therefore ^ remains constant during all changes of vol- 
ume, pressure, and temperature. 

PUMPS, ETC., FOR LIQUIDS. 

113. As mercury is 13 J^ times heavier than water, the 
same atmospheric pressure which sustains a column of 
mercury, 76 cm. or 30 inches high in a barometer, will 
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Fig. 43. 



sustain a column of water about loj^ metres, or 34 feet 
high. By making a partial vacuum at the upper end of 
a tube whose lower end is immersed in water exposed to 
atmospheric pressure, we can cause the water to rise in 
the tube. This is the way in which we suck up water 
into our mouths through a straw. 

The pipette (Fig. 43) is a simple instrument often 
used for removing liquid from a vessel which we do not 
wish to disturb. It is a glass tube, open 
at both ends, with an enlargement in the 
middle. The opening at the lower end, 
which is inserted in the liquid to be re- 
moved, is very small. The upper end is 
taken in the mouth, and liquid is sucked 
up into the pipette, in sufficient quantity 
to fill the enlargement, or in any smaller 
quantity. The upper end is then closed 
either with the tongue or with a finger, and 
the pipette can be lifted away without its 
contents running out. The air which oc- 
cupies the upper part of the pipette is at 
less than atmospheric pressure, the differ- 
ence being measured by the height of the liquid column. 

114. The filling of a syringe depends upon the same 
principle. As the piston is drawn up, the small quantity 
of air below it is expanded, and thus diminished in pres- 
sure, so that the liquid in which the lower end is immersed 
is forced in by the greater atmospheric pressure without. 

If the space below the piston is originally full of water 
instead of air, the action will be still more prompt; for 
water does not expand like air; and if the lower end were 
closed, the smallest movement of the piston would suffice 
to produce an almost perfect vacuum. If the lower end 
is open, and inserted in water, the water will follow the 
piston (if perfectly air-tight) to any height not exceeding 
about 34 feet, or 10^ metres, the precise limiting height 
being proportional to the height of the barometer at the 
time. 
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Fig. 44. 




Fig. 45. 



115. In the ordinary suction-pump, of which Fig. 44, 
is a section, the action, after the pump has become 

charged with water, is as follows. During the 
up-stroke of the piston P, the water below it is 
pushed up by atmospheric pressure acting on 
the surface of the water in the well mn, and 
that above it is pushed up by the piston itself 
till it flows out at the spout. There is a valve, 
or a pair of valves, ss\ in the piston, which can 
only open upwards, and these remain dosed 
during the up-stroke, because the pressure is 
greater above than below them; the pressure 
above them, in fact, is greater, and that below 
them much less, than atmospheric pressure. 
There is another valve S at the bottom of the 
pump -barrel C C, which opens or 
closes the entrance to the descending 
pipe T. This valve (which, like those 
in the piston, can open only upwards) 
remains open during the up-stroke; 
but as soon as the piston begins to 
descend, it closes, and the water in 
the barrel, having no other way of escape, forces 
open the valves ss'. The piston is thus enabled 
to pass down through the water, so as to be 
ready to lift it out at the next up-stroke. 

"Wien the height of the spout above the 
barrel is considerable (it is sometimes as much 
as 50 feet), the pump is called a lift-pump, 

116. The force-pump (Fig. 45) has a valve S 
at the bottom of its barrel, performing the same 
duty as the similarly placed valve in die suction- 
pump; and has another valve s opening from 
the bottom of the barrel into an ascending 
pipe R. The piston has no valve, but is solid, 
and, in its descent forces the water beneath it 
into the ascending pipe, through the valve j, the other 
valve S being closed by the pressure above it In the 
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ascent of the piston, s closes, S opens, and the barrel 
again becomes chained with water. A plunger (see art 
90) may be used instead of a solid piston. 

117. The fire-engine (Fig. 46) consists of a double- 
barrelled force-pump, which forces water from the two 
barrels aitemately into a central chamber, which is air- 
tight at the top, and is originally full of air. A pipe, lead- 




ing to the hose, opens rato the lower part of this chamber, 
where it is constantly surrounded by water at high pres- 
sure. The air which ongmally filled the chamber is com- . 
pressed into its upper part (hence called an air-chamber), 
and by its elastic reaction maintains a nearly constant 
rate of discharge through the hose. 

liS, It is not to be supposed that the employment of 
atmospheric pressure for the raising of water in pumps 
dispenses with the necessity for expending work in driv- 
ing the pump. The work so expended can never be less, 
and is practically always more, than the work represented 
by the weight of water r^sed. 

If we have a column of water 30 feet high, and i foot 
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in section, sustained by atmospheric pressure, and in 
contact, at its upper end, with a piston which separates 
it from the outer air; this piston will be pressed down, 
on its upper side, by atmospheric pressure acting on 
I square foot of surface, that is by a force equal to the 
weight of about 34 cubic feet of water; while the force 
pressing it up from below will be equal to the weight of 
only 34 — 20, that is, 14 cubic feet of water. Hence, 
neglecting friction and the weight of the piston, a force 
equal to the weight of 20 cubic feet of water will be 
required to sustain it. 

119. During the first few strokes of a suction-pump, 
when the water has not yet reached the barrel, the pump 
is acting as an air-pump; and in many cases it does this 
part of its duty very imperfectly. Owing to the great 
expansibility of air, an air-pump is much more injuriously 
affected by leakage than a water-pump. Hence it is often 
necessary to pour in enough water to drown the valves 
before the pump will start. 

120. The Siphon, is an instrument in which a liquid, 
under the combined action of its own weight and atmo- 
spheric pressure, flows first up-hill and tiien down-hill, 
but always in such a way as to bring about a lowering of 
the centre of gravity of the whole liquid mass. 

In its simplest form it consists of a bent tube, one end 
of which is immersed in the liquid to be removed, while 

the other end either dips in the 
— liquid of the receiving vessel, 
or discharges into the air. We 
' shall discuss the former case, 
which is represented in Fig. 47. 
il' Let the surfaces m «, nd n' of 

^*^*7- "^"""^^^i^ ^^^ liquid in the two vessels 

^^^^^ be at depths h, h' beneath the 

highest point c of the siphon 

(which we suppose filled with the liquid), and let each of 

these distances be less than the height of a column of the 

liquid which would balance atmospheric pressure, which 
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height we will call H. Then, if we suppose a diaphragm 
to be drawn across the siphon in any part of its length, so 
as to prevent flow, we shall find, on calculating the inten- 
sities of pressure on the two sides of this diaphragm, that 
there is an excess of pressure on the side next the vessel 
of higher level mn^ this excess being equal to the pressure 
of a column of the liquid of height hf — h. For example, 
if the diaphragm is at the highest point of the siphon, the 
pressures on its two sides, expressed as columns of the 
liquid, will be respectively H-h and H~^'; if the dia- 
phragm is drawn across either branch, at the level of mn, 
the pressures on its two sides will be H and H — (^' - h). 
If it be at the level of fnfn\ the pressures will be H H- ^' - ^ 
and H. Wherever we draw it we get the same difference 
h' - h. Hence, if there be no diaphragm, the liquid will 
be driven in the direction in which the preponderating 
pressure tends to urge it As long as both ends are kept 
immersed, the flow will continue till the liquid attains the 
same level in both vessels. If the liquid in the upper 
vessel falls below the end of the siphon (or if the siphon 
is lifted out of it), air enters, and the siphon is immediately 
emptied of liquid. If the liquid .in the lower vessel is 
removed, so that the discharging end of the siphon is 
surrounded by air, the flow will continue, unless air 
bubbles up the tube and breaks the liquid column. This 
interruption is especially liable to oc- 
cur in large tubes. It cannot occur if 
the lower end is bent round so as to 
discharge the liquid in an ascending 
direction. 

121. In order to make a siphon 
begin working, we must employ means 
to fill it with the liquid. This can 
sometimes be done by dipping it in 
the liquid, and then placing it in posi- 
tion while the ends are kept closed; or 
by inserting one end in the liquid which we wish to 
remove, and sucking at the other. It is usually more 
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convenient to apply suction by means of a side tube, as 
ma (Fig. 48), provided with an enlargement to prevent 
the liquid from entering the mouth. The end A of the 
siphon is inserted in the liquid to be removed, the other 
end C being kept stopped, and tlie operator applies suc- 
tion at m, tUl the liquid flows over. In large siphons the 
suction is produced by a pump. 




Fig. 49. 
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AIR-PUMPS. 

122. In one of the simplest and best forms of air- 
pump, represented in the annexed symbolic sketch (Fig. 
49), a piston P, with a valve V in it, works in a barrel 

B B, communicating with 
the outer air by a valve U 
at its upper end, and with 
the receiver R by a tube T, 
which enters the barrel at a 
small distance (equal to 
the thickness of the piston) 
from the lower end. Both 
_ valves open upwards. 

In the up-stroke, the pis- 
ton-valve V keeps shut, and 
the air above the piston is 
pushed out of the barrel 
through the valve U. In 
the down-stroke, U is kept 
closed by the preponder- 
ance of atmospheric pres- 
sure outside, and the piston-valve V opens, allowing the 
air to pass up through it as the piston descends to the 
bottom of the barrel. 

123. Let R denote the joint volume of the receiver and 
connecting passage; B the volume of the barrel, exclusive 
of the space occupied by the piston and piston rod. 
Then, if we start with the air in the interior either at 
atmospheric density or at any smaller density, and the 
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piston at the bottom of the barrel j the effect of the first 
up-stroke will be to expel the contents of the barrel, and 
allow the air in the receiver to expand from volume R to 
volume R H- B. The down-stroke is idle, being merely a 
preparation for the next up-stroke. Thus, in one com- 

plete stroke, the fraction ^^^-^ of the whole contained air 

is expelled, while the fraction ^ ^ remains; and the 

density and pressure are both reduced to the fraction 

^-;g of their original values. The densities (and also the 

pressures) after successive strokes, thus form a geometric 

series whose ratio is 5x3* ^^^ example, if R is ten times 

B, and we begin with the air at atmospheric density and 
pressure; the density and pressure after one complete 

stroke will be ~ , after two strokes —, after three strokes 

ZZ . Z2Z' 

^-^, and after n strokes (— )" of atmospheric density and 

pressiu*e. 

124. We have here tacitly assumed that there is no 
leakage; and our calculation gives what is often called 
the Uieoretical exhaustion, being the theoretical limit 
which actual working may approach, but cannot quite 
attain. A pump which is in good order will give nearly 
the theoretical exhaustion for several strokes at the 
beginning; but as the vacuum improves, the departure 
from the theoretical limit 0/ progress becomes continually 
more marked. Every pump in fact has its own h'mit if 
vacuum^ which in most cases exceeds the pressure of -^th 
of an inch of mercury. Even whea we succeed (as we 
may) in so completely preventing leakage that we can 
detect no change in the vacuum when the pump is left to 
itself, we cannot prevent the presence of a little air at 
atmospheric pressure between the piston and the top of 
the barrel at the moment of commencing the down-stroke; 
and during the down-stroke this air will expand and fill 
the barrel. 

125. The valves of air-pumps are of two kinds, silk 
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valves and mechanical valves. In silk valves, which are 
the kind usually employed by EngUsh makers, there is a 
short and narrow slit in a thin plate of brass, and a flap of 
oiled silk is secured at both ends to the plate, in such a 
position that its central portion covers the slit. When 
the pressure of the air is greater on the further side of the 
plate than on the side where the silk is, tlie flap is slightly 
lifted and the air gets through; but excess of pressure in 
the opposite direction presses the flap down over the slit 
and makes it air-tight. 

126. S and S' in Fig. 50 are mechanical valves. The 
valve S' is carried by a rod, which passes through the 




piston, fittmg tightly enough to be lifted by the piston 
when the up-stroke begins, but its ascent is almost im 
mediately arrested by a stop near the upper end of the 
rod, and the piston shdes upon the rod dunng the 
remainder of the up stroke. The piston valve S is all 
this time kept closed by a weak spiral sprmg In the 
down stroke, the piston first carries down the valve rod 
with It and closes the valve S' It then slides upon the 
rod till it reaches the bottom of the barrel, and dunng 
the latter part of this movement the piston valve S is 
opened by the pressure of tlie air beneaUi it 

137. An air pump is usually provided with two stop- 
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codes, one for opening and intercepting communication 
between the barrel and the receiver; the other for admit- 
ting the external air to the latter, a precaution without 
which it could not be removed from the plate on which it 
rests. The stop-cock R in Fig, 50 (shown in section at 
O) does duty for both purposes, being pierced with two 
openings which do not communicate with each other. 

128. F in the same figure is a mercurial gauge, equiva- 
lent to a siphon barometer. The difference of level of 
the mercury in its twc^ branches is the measure of the 
pressure in the receiver. Another form of mercurial gauge 
is often employed, consisting of a glass tube more than 
30 inches long, open at both ends. Its lower end dips in 
a cistern of mercury, and its upper end communicates 
with the receiver. The height of the mercury in the 
tube above that in the cistern measures the difference 
between the pressure in the 

receiver and that in the ex- 
ternal air. Sometimes this 
tube is side by side with a 
barometer tube, both having 
the same cistern. Then the 
difference of levels in the 
two columns of mercury 
measures the difference be- 
tween the vacuum in the re- 
ceiver and the Torricellian 
vacuum in the barometer. 

129. The double-barrelled 
pump, which is often em- 
ployed, has the advantage 
of avoiding the idle return- 
stroke above-mentioned; but 
the same end can be attained 1 
with a single barrel by the 
arrangement represented in 
Fig. sr. In the down-stroke, the air is expelled through 
the piston-rod, which is hollow; and in the up-stroke. 
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through the spring-valve at the top of the barrel. The 
side passage communicates with the receiver. 

130. One of the best pumps for obtaining a good 
vacuum is Tate's, the barrel of which is shown in section 




Fig. 52. 




in Fig. 52. The piston A B, 
which consists either of two 
rigidly connected pistons, as 
shown in the figure, or of 
one solid piston of great 
thickness, occupies nearly 
half the length of the barrel; 
and there are no valves ex- 
cept the two, V V, which 
open outwards at the ends 
of the barrel. In computing 
the rate of exhaustion by 
this pump, it must be borne 
in mind that the air which is 
expelled at each single stroke 
occupies only about half the 
volume of the barrel. The 
barrel of this pump is usually 
placed withits axis horizontal. 
131. SprengePs pump (Fig. 53), though too slow in its 
action for ordinary lecture illustration, gives a much 
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better vacuum than any of those above described, and has 
been largely used in modem physical investigations. The 
length xd must be more than 30 inches. Mercury from 
the funnel A falls in a succession of drops down the inte- 
rior of the fine tube, cd, and continually sweeps before it 
the air which enters this tube from the receiver R. When 
the process has been going on for half an hour or more, 
the lower portion of the tube contains a continuous column 
of mercury sensibly equal in height to that of the baro- 
meter, and the drops fall on the top of this column with 
a sharp metallic clink. 

COMPRESSION-PUMP. 

132. All the air-pumps thus far discussed are for ex- 
haustion. When it is desired to charge a vessel with air 
or gas at high pressure, a 
compression - pump is used. *'« s* 

It has two valves, as shown 
in Fig. 54, one openmg in 
wards and the other outwards 
Air or gas is admitted mto 
the barrei through the former 
(the ieft-hand valve in the 
figure), and is expelled through 
the latter (the right - hand 
valve) into the vessel which is 
to be chained. If the barrel is 
fed with air or gas at constant 
density, the same quantity is 
forced into the receiver at every stroke, and the density 
of the compressed air accordingly increases in arithmetical 
pr<^ession. 

PRINCIPLE OF ARCHIMEDES. 

133- A body heavier than water, such as a ball of glass 
or lead, requires less force to support it in water than in 
A ball of cork will not only remain sup- 
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ported without help, but requires force to hold it down, 
when entirely immersed. In the former case the differ- 
ence between the forces required to support the body in 
air and in vacuo, is called its loss of weight in water. In 
the latter case, the apparent weight in water is to be 
regarded as a negative quantity, — the body apparently 
gravitates upwards when submerged, — and the loss of 
weight in water is therefore to be computed by adding the 
forces required to hold it up in vacuo and to hold it down 
in water. 

The loss of weight in water is always equal to the weight 
of the water whose place the body occupies when sub- 
merged. This may be established experimentally by the 
following excellent class illustration. 

134. From one of the scales of a balance (Fig. 55) is 
suspended a cylindrical bucket, and below this a solid 
cylinder, which exactly fits it. These are balanced by 
weights in the other scale. A vessel of water is then 
placed below the bucket, in such a position that the solid 
cylinder will be completely immersed in it when the beam 
of the balance is horizontal. As long as the bucket is 
empty, the buoyancy of the water causes the other scale 
to preponderate; and on pouring water into the bucket it 
is found that, in order to restore the balance, the bucket 
must be exactly filled with water. The weight of as much 
water as fills the bucket is therefore equal to the loss of 
apparent weight in the immersed cylinder. 

135. This result might have been predicted from the 
following considerations : — 

When a system is in equilibrium, the equilibrium will 
not be destroyed by fastening any parts' of it together in 
their actual positions. Hence the equilibrium of a liquid 
would not be destroyed if any portion of its interior were 
to become rigid without expansion or contraction. The 
weight of this solidified portion is therefore exactly 
balanced by the resultant pressure of the surrounding 
liquid. But this resultant pressure would be the same 
upon any other body occupying the same place; hence 
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the resultant pressure of a liquid upon any body com- 
pletely immersed in it, is equal to the weight of an equal 
volume of the liquid, and acts vertically upwards. 

Further, since the weight of the imaginary solidified 
portion is equivalent to a single force acting at its centre 




of gravity, the resultant pressure upon a body, completely 
immersed in a uniform liquid, acts in a vertical line 
through the centre of gravity of the space occupied by 
the body. All this reasoning remains true whether the 
surface of the liquid be exposed to atmospheric pressure 
ornoL 

136. As regards a body partially immersed in a liquid. 
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we may divide it, in imagination, into two parts, by a 
horizontal plane coincident with the surface of the liquid. 
Let us call these two parts the immersed and the non- 
immersed portion. Suppose the immersed portion to be 
replaced by solidified liquid, and the non-immersed por- 
tion by solidified air, there will then be equilibrium. 
Hence the pressure on the whole surface of the body 
balances the weights of these imaginary solidified portions, 
acting at their respective centres of gravity. The loss of 
apparent weight as compared with weighing in vacuo, is 
therefore the sum of the weights of those volumes of 
liquid and air. 

137. When a body is completely surrounded by air, 
similar reasoning shows that the resultant pressure upon 
it, or its loss of apparent weight, is equal to the weight of 
its own volume of air. 

Neglecting the weight of this volume of air, as insigni- 
ficant compared with that of the body, the resultant of 
the pressures over the whole surface of a body partially 
immersed in a liquid, is a vertically upward force through 
the centre of gravity of the space occupied by the im- 
mersed portion, and is equal to the weight of as much of 
the liquid as would fill this space. 

138. Hence, still neglecting the weight of the displaced 
air, the conditions to be fulfilled by a body floating in 
equilibrium on a liquid, are — 

1. That the weight of the body be equal to that of the 
liquid which it displaces. 

2. That the centre of gravity of the body be in the 
same vertical with what is called the centre of buoyancy^ 
that is to say, the centre of gravity of the space occupied 
by the immersed portion of the body. 

139. The principle that a body immersed either wholly 
or partially in a fluid loses a portion of its weight equal to 
that of the fluid which it displaces, is called (from its dis- 
coverer) the principle of Archimedes, It applies to gases 
as well as to liquids, and explains the apparent upward 
gravitation of gases lighter than air. A cubic metre of 
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common air weighs about 1276 grammes, and a cubic 
metre of hydrogen at the same pressure and temperature 
weighs 88.4 grammes. Hence a cubic metre of hydrogen 
tends to rise through air, with a force equal to the weight 
of 1 187.6 grammes. 

140. In very accurate weighings, it is necessary to take 
account of the weight of the air displaced by the body 
weighed, on the one hand, and by the counterpoising 
weights on the other; unless the body happens to have 
the same mean density as the weights, in which case (as 
their volumes will be equal) the buoyancy of the air will 
aflfect them both to the same extent. If the body weighed 
be less dense, and therefore of larger bulk than the 
weights, it displaces more air than they, and the weight 
of this excess of air must be added to its apparent weight 
to obtain its true weight, which would be directly obtained 
by weighing with the whole balance and its contents 
in vacuo. This is what is always meant by " weighing in 

Vacuo." " Weighing in water " commonly means that the 
body to be weighed is submerged, but not the balance nor 
the counterpoising weights. 

141. The best determinations of the weight of air and 
other gases have been made by employing two equal glass 
globes, one of them being hermetically sealed, while the 
other is alternately filled with the gas to be examined, and 
exhausted, the pressure of its qpntents being observed in 
each case at the temperature 0° C. The two globes 
hang from the scale-pans of a delicate balance, and the 
difference of their weights is observed in each case. 
Hence the weight of the gas which fills the globe at 0° C. 
and at a known pressure is found by subtraction. The fact 
of the globes being of the same size renders it unneces- 
sary to take account of the buoyancy of the external air, 
since this buoyancy affects both alike. 

Experiments thus made have shown that perfectly dry 
air, at the temperature zero Centigrade and the pressure 
of a million dynes per square centimetre, has the density 
of .001276 of a gramme per cubic centimetre. 
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DETERMINATION OF DENSITIES OF SOLIDS AND 

LIQUIDS. 

142. The txue weight of a body, when expressed in 
gravitation measure (as distinct from absolute measure), is 
denoted by the same number as its mass. Thus, if the 
mass of a body be m grammes, the body will counterpoise 
m grammes of any other substance in vacuo. The weight 
of the body in absolute measure is gm dynes, and the 
factor g is the same for all bodies at the same place. 
The ratio of the true weights of two bodies at the same 
place is therefore rigorously equal to the ratio of their 
masses. 

143. By the density of a substance we mean the mass 
of unit volume of it. Taking the gramme as the unit of 
mass, and the cubic centimetre as the unit of volume, the 
density of a substance will be the number of grammes in 
a cubic centimetre of it; in other words, density will be 
reckoned in grammes per cubic centimetre. When masses 
are expressed in pounds, and volumes in cubic feet, den- 
sities must be reckoned \tl pounds per cubic foot, 

144. " Specific gravity " commonly means the ratio of 
the weight of a body to that of an equal volume of water, 
the water being taken at a definite temperature, usually at 
the temperature at which its density is greatest (4° C.). 
Since the ratio of their weights is the same as the ratio of 
their masses, we may define " the specific gravity of a 
substance " as the ratio of its density to that of the stan- 
dard substance. 

145. If the gramme were defined as "the mass of a 
cubic centimetre of water at the temperature of maximum 
density " (a definition which is often employed), the den- 
sity of the standard substance (in grammes per cubic 
centimetre) would be unity, and the density of any sub- 
stance (in grammes per cubic centimetre) would be iden- 
tical with its specific gravity. 

But the definition of the gramme which is laid down by 
law, and adopted by the highest scientific authorities, is 
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that it is one-thousandth part of the mass of a certain 
piece of platinum, called " the kilogramme of the archives," 
which is the French legal standard, and has served as the 
original for the most carefully executed standard kilo- 
grammes of other countries. It is morally impossible 
(from inevitable errors of measurement and workmanship) 
that the gramme as thus defined can be absolutely iden- 
tical with the mass of a cubic centimetre of water at the 
temperature of maximum density. The agreement, how- 
ever, is so close that, according to the best comparison 
that has been made, the density of water at 4° C. is 
I '000013, ^^^ the density of water at 6° C. is '999983. 
Hence it is true to a very high degree of accuracy that the 
density of a substance in grammes per cubic centimetre is 
equcUto its specific gravity, 

146. The density of a substance can be directly deter- 
mined by weighing a measured volume of it Thus if 
V cubic centimetres of it weigh m grammes, its density is 

^. This method can be easily applied to solids of rec- 
tangular form; since their volumes can be computed by 
multiplying together their length, breadth, and thickness. 
It can also be applied to liquids, by employing a vessel of 
known content The vessel usually employed for this 
purpose is a bottle of thin glass, fitted with a perforated 
stopper^ so that it can be filled and stoppered without 
leaving a space for air. The difference between its 
weights when full and empty is the weight of the liquid 
which fills it; and the quotient of this by the volume 
occupied (which can be found by weighing the bottie when 
filled with water), is the density of the liquid. 

147. The volume and density of a solid body of irre- 
gular shape, or consisting of a quantity of small pieces, 
can be determined by putting it into such a bottie, and 
weighing the water which it displaces. The most con- 
venient way of doing this is to observe (i) the weight of 
the solid; (2) the weight of the bottle full of water; (3) the 
weight of the bottle when it contains the solid, together 
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with as mucli water as will fill it up. If the third of these 
results be subtracted from the sum of the first two, the 
remainder will be the weight of the water displaced; 
which, wheo expressed in grammes, is the same as the 
volume of the body expressed in centimetres. The weight 
of the body, divided by that of the water displaced, is the 
density of the body. 

148. The following methods depend upon the principle 



Tig. 56. 



of Archimedes ; — 

For rough and rapid deter- 
minations of the density of 
liquids the hydrometer is usu- 
ally employed. This instni- 
ment, some forms of which 
are exhibited in Fig. 56, con- 
sists of a closed glass vessel, 
whose upper part is a cylin- 
drical tube, with graduations 
marked upon it Below this 
is an enlargement, and, still 
lower, is a space contain- 
ing mercury or shot, which 
serves, by its weight, to keep 
the instrument upright when 
floating in a liquid. It dis- 
places a mass of the liquid 
equal to its own mass, and 
therefore sinks deepest in the 
lightest liquids. The obser^ 
vation consists in noting the 
division which is at the level 
of the liquid surface. If D denote the density of the 
liquid, and V the volume displaced, VD will be the mass 
of liquid displaced, and this is equal to the mass of the 
hydrometer, — a constant quantity. Hence D varies as 

^ and V varies as g. If the divisions oh the stem are 
equidistant, they correspond to values of V which are in 
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arithmetical progression; and the corresponding values of 

D will be in harmonic progression. On the other hand, 

if the divisions are so placed as to 

correspond to equal differences of 

density, the values of V will be in 

harmonic progression. Both these 

systems of division are in use. 

149. One of the commonest 
ways of determining the density of 
a solid body is to weigh it first in ^«- sz- 
air and then in water (Fig. 57), 
the counterpoising weights being 

in air. Since the loss of weight due to its immersion in 
water is equal to the weight of an equal bulk of water, we 
have only to divide the weight in air by this loss of weight. 
Thus, from the observations 

Weight in air, 125 gm. 

Weight in water, 100 „ 

Loss of weight, 25 ,, 

we deduce 

^ = 5 = density. 

150. If the body is lighter than water we may employ 
a sinker, — that is, a piece of some heavy material attached 
to it, and heavy enough to make it sink. It is not neces- 
sary to know the weight of the sinker in air, but we must 
observe its weight in water. Call this s. Let w be the 
weight of the body in air, and w' the weight of the body 
and sinker together in water. Then a/ will be less than 
s. The body has an apparent upward gravitation in 
water equal to j - w'y and the weight of the water which 

it displaces is a/ + j - a/. Hence the density of the body 
. w 

^ w + s-^vf' 

151. The densities of liquids are sometimes determined 
by observing the loss of weight of a solid immersed in 



8o HYDROSTATICS. 

them, and dividing by the loss of weight of the same solid 
in water. Thus, from the observations 

Weight in air, 200 gm. 

Weight in liquid, 120 „ 

Weight in water, no „ 
we deduce 

Loss in liquid 80. Loss in water 90. 

Density of liquid = — = — . 

152. The volume of a solid body, especially if of irregular 
shape, can usually be determined with more accuracy by 
weighing in a liquid than by any other method. If it 
weigh w grammes in air, and a/ grammes in water, its 
volume is w-w' cubic centimetres, since it displaces 
w-w' grammes of water. The mean diameter of a wire 
can be very accurately determined by an observation of 
this kind for volume, combined with a direct measurement 
of length. The volume divided by the length will be the 
mean sectional area, which is equal to v r", where r is the 
mean radius. 

153. Density of a mixture. Let volumes z/„ z/,, v^ of 
different ingredients be mixed together, without swelling 
or shrinking, so that the volume of the mixture is simply 
the sum z/, -f z^^ + Vy Let the densities of the ingredients 
be //„ ^a> ^3> and their masses /«„ m^y m^; so that we have 

The mass of the mixture will be m^ + m^ + m^', and if we 
divide this by its volume, we obtain its density, which is 
therefore 

Wl + W» + W, * ^ ' 

When the volumes and densities of the ingredients are 
given, it is convenient to throw this formula into the 
form 

^i^i + ^a^a + ^3^ / 2 \ 

Vl + Vj + Wg * ■ ^ ' 
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When the masses and densities of the ingredients are 
given, it is convenient to throw it into the form 

d^ d^ d% 

Similar formulge can be employed, whatever be the num- 
ber of ingredients. 

Swelling or shrinking will affect the denominator in 
each of these expressions, but not the numerator, since 
the mass of the whole must always be the sum of the 
masses of the parts. Thus, for example, if a mixture 

shrinks in the ratio of 20 to lo, so that its volume is — 

•^' 20 

of the sum of the volumes of its constituents, its density 
will be — of the value given by the above formulae. 

DETERMINATION OF HEIGHTS BY THE BAROMETER. 

154. The pressure (in dynes per sq. cm.) at any point in 
the interior of a liquid, due to the weight of the liquid, is 
ghd, ^denoting the intensity of gravity, h the height of the 
free surface above the given point, and d the density 
of the liquid. 

Let P denote the pressure and D the density of the air 
at any point. Then, if we write 

P=^HD,orH = ^, 

H will denote the height (measured upwards from the 
given point) of an imaginary atmosphere, of uniform den- 
sity D, which would produce the actual pressure at the 
point. The change of pressure as we ascend or descend 
for a short distance in the actual atmosphere, is sensibly 
the same as it would be in this imaginary " homogeneous 
atmosphere;" hence an ascent of one centimetre takes off 

^ of the total pressure, just as an ascent of one foot from 

the bottom of an ocean 60,000 feet deep takes off ^^ 

of the pressure. 

6 



82 HYDROSTATICS, 

155- Since P varies as D for air at constant tempera- 

p 

ture, the equation H = — ^, shows that for a given place 

and given temperature, H is the same at all pressures. 
In ascending by successive steps of i centimetre, in an 
atmosphere of uniform temperature, each step would take 

off ^ of the current pressure, and the pressures would 

therefore form a series in which each term would be 

I H — I 

I - jl or -|j- of the preceding one. The pressures would 

therefore diminish in geometrical progression as the heights 
increased in arithmetical progression. 

156. When the temperature is not imiform, the value 

p 
of ^ varies directly as the "absolute temperature by air- 
thermometer" (art 112) Hence H varies directly as 
the absolute temperature, and inversely as gy the intensity 
of gravity. 

For perfectiy dry air at 0° C, we have 

S = ^^J ^^ ^f ^= 981, we have 

p 

H = — j^ = 799000 centimetres nearly. 

This is nearly 8 kilometres, or about 5 miles. 

157. To determine the height of a mountain by means 
of the barometer, simultaneous observations, both of the 
pressure and temperature of the air, are made at its base 
and summit. A mean value of H for the intervening 
body of air is calculated by employing the value of g 
(which will be sensibly the same for both stations) along 
with the arithmetical mean of the two observed tempera- 
tures; and the rest of the calculation is made on the 
assumption of a geometrical rate of decrease. For the 
practical formula to which this assumption leads, we refer 
the student to chap. xiii. of our edition of Deschand^ or 
to Everett's Illustrations of the C.G.S» Units, page 25. 

158. The above calculation shows that the pressure 
changes by i per cent, for a rise or fall of 80 metres when 
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the temperature is o° C. At 20° C. the number will be 
86 instead of 80. These data are sufficient for purposes 

of rough computation. 



CAPILLARITY. 

159. In the statements which we have thus far made 
respecting the positions assumed by liquids in equihbrium, 
we have neglected the effects of what is called capillarity. 

If the surface of the 
water in a half-filled glass p«- js. Fig. 59. 

vessel, whose interior has 
been wetted all over, be 
carefully observed, it will 
be seen not to be level 
near the edges, but to 
be bent upwards as in 
Fig. 58. Mercury, on the 
other hand, does not wet 
glass, and if some of this 

liquid be put into a glass vessel, its surface will be de- 
pressed at the edges, as shown in Fig. 59. 

160. When a fine tube is dipped In a liquid, the 
departure from a uniform 

level becomes still more ^«°- S^B-e-- 

marked. Water stands much 
higher within a fine glass 
tube than without it Mer- 




cury, on the other hand, i _ .1 

stands lower within than [-""' t^TT] 
without. Figs. 60, 61, re- -^ "jl^ |- 
present sections of two glass ~|li^1_ 
tubes dipped into water and |. — llz ^.— 
mercury respectively. The \ ~- _ — tt-.^ I 

surface of the hquid within L ^ _. J 

the tube is concave in the 

one case, and convex in the other. The general law 

for all liquids, and tubes of all materials, is, that if the 



u 
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liquid wets the tube, it will stand higher within the tube 
than without, and the surface of the elevated column 
will be concave; on the other hand, if the liquid does 
not wet the tube, it will stand lower within the tube than 
without, and the surface of the liquid within the tube will 
be convex. 

^6i. If the volume of that portion of the water within 
the tube which is above the general external level, be 
divided by the sectional area of the tube, the quotient is 
.called the mean elevation of the water by the capillary 
action of the tube ; and if the volume of the empty space 
between the surface of the mercury in the tube and the 
general external level be divided by the sectional area of 
the tube, the quotient is called the mean depression of the 
mercury. The mean elevation and mean depression are 
both found to vary precisely in the inverse ratio of the 
internal diameter of the tube; so that to obtain the most 
marked effects we must employ the smallest tubes. 

162. When the free surface of a liquid is plane, 
the pressure at any point within it is found by adding the 
atmospheric pressure at the surface to the pressure due 
to the depth; and when the surface is partly plane 
and partly curved, as in Figs. 58, 59, the same principle 
can be applied in calculating the pressure at any point 
which is vertically under a plane portion of the sur- 
face. But when the surface is concave, the pressure at 
any point beneath it is less than this calculation would 
give. In the elevated column of water within a glass 
tube, the pressure is less than atmospheric. In fact, 
referring to Fig. 60, if we compare two points in the 
liquid at the same level, one of them within and the other 
without the tube, the pressures at these points will be 
equal, and the change of pressure as we ascend in the 
tube follows the usual law. There is therefore an abrupt 
change, from atmospheric pressure, immediately above 
the surface of the elevated column, to a pressure decidedly 
less than atmospheric, immediately below this surface. 
There is an equally abrupt change of pressure in passing 
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through the convex surface of the mercury within the 
tube, Fig. '61; but in this case the pressure is decidedly 
greater just below than just above tiie surface. In both 
cases the superficial film of the Hquid behaves like a tightly 
stretched elastic band, which, when it is forced to assume 
a curved shape, exerts normal pressure against the body 
on its concave side. In Fig. 60 air is on the concave 
side, in Fig. 61 mercury. 

163. Capillarity tends to depress the column of mercury 
in a barometer. The reading is always taken at the 
summit of the convexity, — ^in other words, at the highest 
point of the surface; but even this is too low, for the 
pressure beneath a convex surface of liquid is, as above 
stated, greater than the pressure due to the depth. Hence 
the correction for capillarity in a barometer is to be added 
to the observed reading. It is barely sensible in half-inch 
tubes ; but in tubes of an eighth of an inch in diameter it 
is so large as to cause great trouble and uncertainty. 

For a fuller treatment of the subject of capillarity we 
may refer to our edition oi Deschanel, pages 127-138. 
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EXAMPLES IN HYDROSTATICS. 



Xil. — Bramah Press. Art 91. 

1. The sectional area of the small plunger in a Bramah 
press is i sq. cm., and that of the larger 100 sq. cm. The 
lever handle gives a mechanical advantage of 6. What 
weight will the large pluhger sustain when i cwt. is hung 
from the handle? 

2. The diameter of the small plunger is half an inch; 
that of the larger i foot The arms of the lever handle 
are 3 in. and 2 ft Find the total mechanical advantage. 

XIII. — Intensity of Pressure due to Depth. 

Art 95. 

Find, in gravitation measure (grammes per sq. cm.), 
atmospheric pressure being neglected : — 

1. The pressiu-e at the depth of a kilometre in sea water 
of density 1.025. 

2. The pressure at the depth of 65 cm. in mercury of 
density 13.59. 

3. The pressure at the depth of 2 cm. in mercury of 
density 13.59, surmounted by 3 cm. of water of unit den- 
sity, and this again by i^ cm. of oil of density .9. 

Find, in centimetres of mercury of density 13*6, atmos- 
pheric pressure being included, and the barometer being 
supposed to stand at 76 cm.: — 

4. The pressure at the depth of 10 metres in water of 
unit density. 

5. The pressure at the depth of a mile in sea-water of 
density 1.026, a mile being 160933 cm. 

Find, in dynes per square centimetre, taking^ as 981 : — 
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6. The pressure due to i cm. of mercury of density 

13-596. 

7. The pressure due to a foot of water of unit density, 
a foot being 30.48 cm. 

8. The pressure due to the weight of a layer a metre 
thick, of air of density .00129. 

9. At what depth, in brine of density i.i, is the pres- 
sure the same as at a depth of 33 feet in water of unit 
density? 

10. At what depth, in oil of density .9, is the pressure 
the same as at the depth of 10 inches in mercury of den- 
sity i3-5?6? 

11. With what value of g will the pressure of 3 cm. of 
mercury of density 13 '596 be 4 x 10*? 



XIV. — ^Amount of Pressure on Immersed Areas. 

Art. 96. 

Find, in grammes weight, the amount of pressure 
(atmospheric pressure being neglected) : — 

1. On a triangular area of 9 sq. cm. immersed in naphtha 
of density .848; the centre of gravity of the triangle being 
at the depth of 6 cm. 

2. On a rectangular area 1 2 cm. long, and 9 cm. broad, 
immersed in mercury of density 13.596; its highest and 
lowest comers being at depths of 3 cm. and 7 cm. respect- 
ively. 

3. On a circular area of 10 cm. radius, immersed in 
alcohol of density .791, the centre of the circle being at 
the depth of 4 cm. 

4. On a triangle whose base is 5 cm. and altitude 6 cm., 
the base being at the uniform depth of 9 cm., and the 
vertex at the depth of 7 cm., in water of unit density. 

5. On a sphere of radius r centimetres, completely im- 
mersed in a liquid of density d; the centre of the sphere 
being at the depth of A centimetres. [The amount of 
pressure in this case is not the resultant pressure.] 
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XV. — Examples on the Barometer, not involving 

Boyle's Law. Art. io6. 

1. A bent tube, having one end open and the other 
closed, contains mercury, which stands 20 cm. higher in 
the open than in the closed branch. Compare the pres- 
sure of the air in the closed branch with that of the external 
air; the barometer at the time standing at 75 cm. 

2. The cross sections of the open and closed branches 
of a siphon barometer are as 6 to i. What distance will 
the mercury move in the closed branch, when a normal 
barometer alters its reading by i inch. 

3. Show that, in a siphon barometer of uniform bore, 
the rise and fall of the highest point of the mercurial 
column are only half the rise and fall of the theoretical 
barometer. 

4. If the section of the closed limb of a siphon baro- 
meter is to that of the open limb as a to by show that a rise 
of I cm. in the mercury in the closed limb corresponds 

to a rise of -^ cm. of the theoretical barometer. 

5. Show that the same result holds for the cistern baro- 
meter, if a denote the section of the tube, and b the sec- 
tion of the cistern exclusive of the space occupied by the 
tube and its contents. 

[Some barometers have their scales "compensated," 

the distances marked as inches or centimetres being -— , 

of true inches or centimetres. Others, again, are furnished 
with a screw at the bottom, which either moves the scale 
or alters the level of the mercury in the cistern; and the 
observer turns this screw until the zero point of the scale 
coincides with the surface of the mercury. In a few baro- 
meters the height is read off both in the tube and in the 
cistern, and the difference taken.] 

6. Compute, in dynes per sq. cm., the pressure due to 
the weight of a column of mercury 76 cm. high at the 
equator, where g is 978, and at the pole, where ^ is 983. 
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7. The volumes of a given quantity of mercury at o° C. 
and 100° C. are as i to 1.0182. Compute the height 
(in true centimetres) of a column of mercury at 100°, 
which will produce the same pressure as 76 cm. of mer- 
cury at 0°. 

8. The volumes of a given mass of mercury, at 0° and 
20°, are as i to 1.0036. Find the height reduced to 0°, 
when the actual height (in true centimetres), at a tempera- 
ture of 20°, is 7(5.2. 

XVI. — Laws of Boyle and Dalton. Art. 112. 

1. In performing the Torricellian experiment a little air 
is left above the mercury. If this air expands a thousand- 
fold, what difference will it make in the height of the 
column of mercury sustained when a normal barometer 
reads 76 cm. 

2. In performing the Torricellian experiment, an inch 
in length of the tube is occupied with air at atmospheric 
pressure, before the tube is inverted. After the inversion, 
this air expands till it occupies 15 inches, while a column 
of merciuy 28 inches high is sustained below it. Find 
the true barometric height. 

3. The mercury stands at the same level in the open 
and in the closed branch of a bent tube of uniform section, 
when the air confined at the closed end is at the pressure 
of 30 inches of mercury, which is the same as the pressure 
of the external air. JLxpress, in atmospheres, the pres- 
sure which, acting on the surface of the mercury in the 
open branch, compresses the confined air to half its 
original volume, and at the same time maintains a differ- 
ence of 5 inches in the level&of the two mercurial columns. 

4. At what pressure (expressed in atmospheres) will 
common air have the same density which hydrogen has at 
one atmosphere; their densities when compared at the 
same pressure being as 1276 to 88.4? 

5. Two volumes of oxygen, of density .00141, are 
mixed with three of nitrogen, of density .00124. Find 
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the density of the mixture — (a) if it occupies five volumes ; 
(d) if it is reduced to four volumes. 

6. The mass of a cub. cm. of air, at the temperature 
o° C, and at the pressure of a million dynes to the square 
cm., is .0012759 gramme. Fipd the mass of a cubic 
cm. of air at 0° C, under the pressure of 76 cm. of mer- 
cury — (a) at the pole, where g is 983.1; (d) at the equator, 
where ^ is 978.1; (^) at a place where ^ is 981. 

7. Show that the density of air at a given temperature, 
and under the pressure of a given column of mercury, is 
greater at the pole than at the equator by about i part in 
196; and that the gravitating force of a given volume of 
it is greater at the pole than at the equator by about 
I part in 98. 

XVII. — Pumps and Siphons. Art. 121. 

1. Find, in grammes weight, the force required to 
sustain the piston of a suction-pump without friction, if 
the radius of the piston be 15 cm., the depth from it to 
the surface of the water in tiie well 600 cm., and the 
height of the column of water above it 50 cm. Show 
that the answer does not depend on the size of the pipe 
which leads down to the well. 

2. Two vessels of water are connected by a siphon. A 
certain point P in its interior is 10 cm. and 30 cm. respect- 
ively above the levels of the liquid in the two vessels. 
The pressure of the atmosphere is 1000 grammes weight 
per sq. cm. Find the pressure which will exist at P — 
(a) if the end which dips in the upper vessel be plugged; 
(d) if the end which dips in the lower vessel be plugged. 

• 

XVIII. — Air-pump. Art 132. 

1. If the receiver has double the volume of the barrel, 
find the density of the air remaining after 10 strokes, 
neglecting leakage, &c. 

2. Air is forced into a vessel by a compression pump 
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whose barrel has -j^j^th of the volume of the vessel. Com- 
pute the density of the air in the vessel after 20 strokes. 

3. In the pump of Fig. 49 show that the excess of the 
pressure on the upper above that on the lower side of the 

piston, at the end of the first up-stroke, is ^^jg of an 

atmosphere [in the notation of art 123]; and hence that 
the first stroke is more laborious with a small than with a 
large receiver. 

4. In Tate's pump show that the pressure to be overcome 
in the first stroke is nearly equal to an atmosphere during 
the greater part of the stroke; and that, when half the 
air has been expelled from the receiver, the pressure to 
be overcome varies, in different parts of the stroke, from 
half an atmosphere to an atmosphere. 

XIX. — Density. Art. 151 

All densities are to be expressed in grammes per cubic centimetre. In 
the questions which relate to weighing in air, the weight of the dis- 
placed air may be neglected. 

1. A rectangular block of stone measures 86 x 37 x 16 
cm., and weighs 120 kilogrammes. Find its density. 

2. A specific-gravity bottle holds 100 gm. of water, and 
180 gm. of sulphuric acid. Find the density of the acid. 

3. A certain volume of mercury of density 13.6, weighs 
2x6 gm., and the same volume of another liquid weighs 
14.8 gm. Find the density of this liquid. 

4. Find the mean section of a tube 16 cm. long, which 
hplds I gm. of mercury of density 13.6. 

5. A bottle, filled with water, weighs 212 gm. Fifty 
grammes of filings are thrown in, and the water which flows 
over is removed, still leaving the bottle just filled. The 
bottle then weighs 254 gm. Find the density of the 
filings. 

6. Find the density of a body which weighs 58 gm. in 
air, and 46 gm. in water of unit density. 

7. Find die density of a body which weighs 63 gm. in 
air. and 35 gm. in a liquid of density .85. 
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8. A glass ball loses 33 gm. when weighed in water, 
and loses 6 gm. more when weighed in a saline solution. 
Find the density of the solution. 

9. A body, lighter than water, weighs 102 gm. in air; 
and when it is immersed in water by the aid of a sinker, 
the joint weight is 23 gm. The sinker alone weighs 50 
gm. in water. Find the density of the body. 

XX. — Relation between Volume and Loss of 
Weight in a Liquid. Art. 152. 

All volumes to be stated in cubic centimetresy and all weights 

in grammes, 

1. Find the volume of a solid which weighs 357 gm. in 
air, and 253 gm. in water of unit density. 

2. Find the volume of a solid which weighs 458 gm. in 
air, and 409 gm. in brine of density 1.2. 

3. How much weight will a body whose volume is 
47 cubic cm. lose, by weighing in a liquid whose density 
is 2.5? .... 

4. Find the weights in air, in water, and in mercury, 
of a cubic cm. of gold of density 19.3. 

5. A wire 1293 cm. long loses 508 gm. by weighing in 
water. Find its mean section, and mean radius. 

6. A copper wire 2156 cm. long weighs 158 gm. in air, 
and 140 gm. in water. Find its volume, density, mean 
section, and mean radius. 

7. What will be the weights, in air and in water, of an 
iron wire 1000 cm. long and a millimetre in diameter, its 
density being 7.7? 

XXL — Floatation. 

1. How much water will be displaced by 1000 c.c. of 
oak of density .9, floating in equilibrium? 

2. A ball, of density 20 and volume 3 cc, is sur- 
mounted by a cylindrical stem, of density 2.5, of length 
12 cm., and of cross section \ cm. What length of the 
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Stem will be in air when the body floats in equilibrium in 
mercury of density 13.6? 

3. A hollow closed cylinder, of mean density .4 (includ- 
ing the hollow space), is weighted with a ball of volume 5, 
and mean density 2. What must be the volume of the 
cylinder, that exactly half of it may be immersed, when 
the body is left to itself in water? 

4. A long cylindrical tube, constructed of flint glass of 
density 3, is closed at both ends, and is found to have the 
property of remaining at whatever depth it is placed in 
water. If the mass of the ends can be neglected, show 
that the ratio of the internal to the external radius is 
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XXII. — Density of Mixtures. Art. 153. 

1. Find the mean density of a combination of 8 parts 
by volume of a substance of density 7, with 19 of a sub- 
stance of density 3. 

2. Find the mean density of a combination of 8 parts 
by weight of a substance of density 7, with 19 of a sub- 
stance of density 3. 

3. What volume of fir, of density .5, must be joined to 
3 C.C. of iron, of density 7.1, that the mean density of the 
whole may be unity? 

4. What mass of fir, of density .5, must be joined to 
300 gm. of iron, of density 7.1, that the mean density of 
the whole may be unity? 

5. Two parts by volume of a liquid of density .8, are 
mixed with 7 of water, and the mixture shrinks in the 
ratio of 21 to 20. Find its density. 

6. A mixture of gold, of density 19.3, with silver, of 
density 10.5, has the density 18. Assuming that the 
volume of the alloy is the sura of the volumes of its com- 
ponents, find how many part's of gold it contains for one 
of silver — (a) by volume; (d) by weight. 
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ANSWERS TO EXAMPLES IN 
HYDROSTATICS. 

XII. — Ex. I. 30 tons. Ex. 2. 4608. 

XIII. — Ex. I. io25cx>. Ex. 2. 883*35. I^3c. 3. 31*53. 

Ex.4. i49'5- Ex.5. 12141. Ex.6. 13338. Ex.7. 29901. 

Ex. 8. 1 26*5. Ex. 9. 30. Ex. 10. 12 ft. 7 in. Ex. 11. 
980*68. 

XIV. — Ex. I. 45*79. Ex. 2. 7342. Ex. 3. 994. Ex. 4. 
125. Ex. 5. I vr^ hd, 

XV. — Ex. I. i^. Ex. 2. f in. Ex. 6. 1010564, 1015730. 
Ex. 7. 77*3832. Ex. 8. 75-93. 

XVI. — Ex. I. '076. Ex. 2. 30 in. Ex. 3. 2\, Ex. 4. 
•0693. Ex.5, (d!) -001308, (^) *ooi 635. Ex.6. (d!)*ooi296i, 
ip) *ooi2895, (^r) '0012933. Ex. 7. d varies as gy and there- 
fore gd varies as g^, 

XVII. — Ex. I. 459500 nearly. Ex. 2. {a) 970, (^) 990 gn). 
vvt. per sq. cm. 

XVIII. — Ex. I. tV of 2in atmosphere, nearly. Ex. 2. 
3 atmospheres. 

XIX.— Ex. I. 2*357. Ex. 2. 1*8. Ex. 3. -932. Ex. 4. 
*oo46 sq. cm. Ex. 5. 6*25. Ex. 6. 4$. Ex. 7. 1*9125. 
Ex. 8. i^. Ex. 9. 1^^. 

XX. — Ex. I. 104. Ex.2. 40*83. Ex.3. ii7'5- Ex.4. 
19*3, 18*3, 5*7. Ex. 5. *393 sq. cm., *354 cm. Ex. 6. 18, 
8*777, '00835 sq. cm., -0516 cm. Ex. 7. 60*48, 52*62. 

XXI. — Ex. I. 900 gm. Ex. 2. 5*56 cm. Ex. 3. 
50 cc. 

XXII.— Ex. I. 4,V = 4*i85. Ex.2. 3tW = 3*6ii5- Ex.3. 
36*6 cc. Ex.4. 257*7 gm. Ex.5. 1*0033. Ex. 6. (rt) 5*77, 
ip) IO-6. 
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TEMPERATURE AND THERMOMETERS. 




I54*» Two bodies are said to have the same temperature 
if neither of them gains heat from the other when they 
are put in contact. 

On touching a substance which has 
a lower temperature than the hand we 
receive a sensation of cold, because 
the hand loses heat; on touching a 
substance which has a higher tempera- 
ture than the hand we receive a sensa- 
tion of warmth, because the hand gains 
heat from the substance. 

Transference of heat also occurs be- 
tween bodies of different temperatures 
when placed opposite to one another 
without direct contact 

A body of lower temperature will 
continue to gain heat from a body of 
higher temperature until the difference 
of temperature between them is re- 
duced to nothing. 

155*. Temperature is commonly 
measured by means of the expansion 
produced by gain of heat, and the cor- 
responding contraction produced by 
loss of heat. The mercurial thermo- 
meter is the instrument commonly em- Fig. 62.— Thermometers, 
ployed for this purpose. It consists of 
a fine tube of glass, enlarged at one end into a bulb 
(Fig. 62), and containing mercury enough to fill the bulb 
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and part of the tube. The tube is hermetically sealed at 
the end remote from the bulb, and the portion which is 
void of mercury is usually vacuous; the vacuum having 
been obtained by boiling the mercury and sealing the 
tube while full of mercurial vapour. 

156*. If a thermometer at the temperature of cold 
water is plunged into warm water, both the glass and the 
mercury expand. If they expanded equally, the end of 
the mercurial column would stand always at the same 
point of the tube; but, in point of fact, the mercury ex- 
pands much more than the glass, and the end of the 
mercurial column accordingly advances along the tube. 

If a thermometer is to be so constructed that the end of 
the column shall move over a large distance for even a 
small change of temperature, it must have a large bulb 
and a fine tube. Doubling the capacity of the bulb 
would have the same effect in this respect as halving the 
sectional area of the tube. 

157*. In order to render the indications of different 
thermometers comparable, two definite temperatures have, 
by common consent, been selected as standards of refer- 
ence. One of these is the temperature of a mixture of 
snow and water, or of pounded ice and water. This 
temperature is briefly styled iht freezing point. The other 
is the temperature of the steam of boiling water under 
mean atmospheric pressure, and is called the boiling 
point. 

158*. The imaginary standard thermometer has a per- 
fectly uniform tube, which is divided into equal parts by 
divisions etched upon it. 

In the Centigrade scale, which is regarded as the 
standard scale of temperature for scientific purposes, the 
interval between the freezing and the boiling point is 
divided into 100 equal parts, numbered in order from 
o at freezing point to 100 at boiling point. These parts 
are called degrees Centigrade, and the number read off 
at the end of the mercurial column is called the temper- 
ature in degrees Centigrade. 
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159*- As actual tubes are never perfectly uniform in 
bore, they are calibrated whenever special accuracy is 
required. That is to say, a small column of mercury is 
passed along the tube before joining it to the bulb, and 
marks are made on the tube showing the length occupied 
by this column in different parts of it. The information 
thus obtained enables the constructor, after the thermo- 
meter has been closed, to divide the space between freez- 
ing and boiling point, or between any two fixed points, into 
parts of equal capacity; and this is what theory requires. 

160*. If the scale of a thermometer extends below 
freezing or above boiling point, the degrees beyond these 
limits should be of the. same capacity as those between 
them. When the scale does not extend so far as these 
limits, two fixed points must be determined by comparison 
with another thermometer. 

i6i*. Alcohol or some other spirit is often employed 
instead of mercury. Spirit expands about five times as 
much as mercury; nevertheless the bulbs of spirit ther- 
mometers are usually made larger than those of mercurial 
thermometers, because the tube must be of large bore to 
prevent the column of spirit from becoming broken into 
parts, with bubbles between them. Owing partly to the 
large size of the bulb, and partly to the thermal qualities 
of the liquid, spirit thermometers are, as a rule, much 
slower in their action than mercurial thermometers, that 
is to say, they occupy a much longer time in coming to 
the temperature of the surrounding medium. 

162*. If a spirit thermometer is constructed so as to 
agree with a standard mercurial thermometer at all tem- 
peratures, the degrees of the spirit thermometer will not 
be parts of equal volume, but will increase in volume in 
proceeding from the bottom to the top of the scale. In 
other words, spirit is more expansible at high than at low 
temperatures, when judged by comparison with mercury. 
Spirit thermometers are, in fact, always constructed upon 
this plan, the mercurial thermometer being regarded as 
the standard instrument 

7 
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163*. If a mercurial thermometer reads correctly when 
first constructed, it will read too high after the lapse of a 
few months, unless a long time has been allowed to elapse 
between closing and graduating it This change is pro- 
bably owing, at least in part, to the gradual yielding of 
the thin glass which forms the bulb, under the preponder- 
ating external pressure. It affects the readings at all tem- 
peratures alike, and is commonly denoted by the name 
change of zero} 

There is very little change of zero in spirit thermometers. 
The great expansibility of spirit renders any slight change 
in the glass of little consequence. Glass expands by 

about -g^ of its volume for each degree Centigrade, 

mercury by about -^, and alcohol by about £^. 

164. Besides the Centigrade scale above described, 
there are two other thermometric scales in extensive use. 
Reaumur's scale, which is very much used on the conti- 
nent of Europe (being older than the Centigrade scale), 
differs from it only in the length of its degrees, four of 
which are equal to five degrees Centigrade. Boiling 
point is accordingly marked 80° on this scale. 

Fahrenheit's scale, which is older than either of the 
others, is the favourite scale for popular purposes in this 
country. It differs from the other two in the length of its 
degrees and also in its zero-point. As regards the length 
of its degrees, 9 of them are equal to 5 of the Centigrade 
scale, or to 4 of Reaumur's. As regards its zero, this is 
32 of its own degrees below the freezing point. The 
interval from freezing to boiling point consists of 180 
degrees, and as the former is marked 32° the latter is 
marked 212°. Fig. d^^ will assist in conveying a clear 
idea of the relations between the three scales. The 
abbreviations. Cent., Reau., Fahr., or still more frequently 

1 "Change of zero" in any graduated instrument means that the 
whole scale is bodUy shifted, so that distances are measured from a 
different starting-point. 
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the initial letters C, R., R, are used to denote the parti- 
cular scale employed. 

165. In questions of reduction from 
one of these scales to another, if one 
of the two be the Fahrenheit scale, 
the student should in the first place 
consider whether the number which is 
to be reduced denotes an interval, or 
a temperature. 

To reduce an interval of tempera- 
ture from the Cent, to the Fahr. scale 
we must multiply by f . For example, 
an interval of 10° C. is an interval of 
iS^'F. 

To reduce a temperature from the 
Cent, to the Fahr. scale we must first 
multiply by \ and then add 32. For 
example, the temperature 10° C. is 
. the temperature ( 18° + 32° = ) 50° 
Fahrenheit. 

To reduce an interval of tempera- 
ture from the Fahr. to the Cent scale 
we must multiply by f . 

To reduce a temperature from F. 
to C. we must first subtract 32 and 
then multiply by 4. For example, the 
temperature 62° F. is (30° x -f- = ) i6°§ 
Centigrade. 

Temperatures below zero, in any 
scale, are marked with the minus sign. 
Thus a temperature ten degrees lower 
than zero is marked - 10°. The fol- 
lowing are examples of reducing tem- 
peratures below zero : — 

(i.) Reduce the temperature - 2o®C. 
to the F. scale. 



32 






Fig. 63. — Scales. 



— 20 X •§. = - 36. 

- 36 + 32 = - 4. Answer, - 4** F. 
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(2.) Reduce the temperature 14° F. to the C. scale. 

14-32= - 18. 
- 18 X -|=-io. Answer, - 10® C. 

In all countries the Centigrade scale is regarded as the 
standard scale for scientific reference, and we shall always 
employ it hereafter, unless we give warning to the con- 
trary. 



EXPANSION. 

166. Nearly all substances expand when heated. In 
the case of solids we have sometimes to speak of change 
of volume and sometimes of change of length. 

If we conceive a solid to increase its length by i per 
cent, while its breadth and thickness remain unaltered, 
its volume will increase by i per cent. If we then con- 
ceive its breadth to increase by i per cent, the volume 
will receive a fresh addition of i per cent. If we lastly 
conceive its thickness to increase by i per cent., the 
volume will again be increased by i per cent; making a 
total increase of about 3 per cent in volume for an 
increase of i per cent, in each of the three linear dimen- 
sions. Hence an expansion of — linear taking place 
equally in all directions, is an expansion of about — 

cubical; and in general when expansion is equal in all 
directions, the cubical expansion (or expansion of volume) 
is three times the linear expansion. 

167. The expansion (whether linear or cubical) due to 
a change of 1° in temperature is called the coefficient of 
expansion^ and may be very different for the same sub- 
stance at different temperatures. It usually increases as 
the temperature increases, the temperature being mea- 
sured by a mercurial thermometer graduated in the manner 
described in art. 158. 

The mean coefficient of expansion between o® and 100° 
is computed by dividing the total expansion between 
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these limits by loo. Thus, if a substance whose length 
at o° is denoted by i has the length i'02 at ioo% its total 
expansion from o° to ioo° is '02, and its mean coefficient 
of expansion between 0° and 100° is '0002. 

There may sometimes be a question as to whether 
"the coefficient of expansion at a stated temperature" 
signifies 

increase of length for one degree 
length a/ ^at temperature ' 

or signifies 

increase of length for one d^ree 
length at zero 

The difference between the two values is usually insigni- 
ficant in questions relating to solids. When tJie differ- 
ence is material, as it is in the case of gases, the latter of 
the two values is adopted; that is to say, the dimensions 
at zero are made the unit of comparison. 

168. When the linear expansions in three mutually 
perpendicular directions are not equal, the expansion of 
volume is their sum. 

The increase of capacity of a thermometer or other 
hollow vessel of uniform material is the same as the in- 
crease in volume of a piece of the material which would 
initially fill the hollow. It is therefore an example of 
cubical expansion. 

169. The following is a table of linear expansions: — 

c„„e-.AMrB. Length at too' C. of a rod 

Glass, 1*000729 to I'oooQiS 

Platinum, 1-000857 to 1*000884 

Iron, wrought, i'ooii56to i'ooi235 

,, cast I '001072 to I '001109 

Steel, i'ooio79 to i'ooi24o 

Gold, 1*001230 to i'ooi552 

Copper, 1*001712 to 1*001722 

Brass, i'ooi855 to 1*001895 

Silver, 1*001909 to 1*001951 

Lead, 1-002788 to 1*002848 

Zinc 1*002976 

170. The following is one of the best modes of observ- 
ing the linear expansion of a soHd : — 
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A bar of the substance is immersed in a mixture of ice 
and water till it has had time to acquire the temperature 
of the mixture, which is o** C. Its length at this tempera- 
ture is measured by means of a metallic measuring bar 
immersed in a similar mixture, and furnished with travel- 
ling microscopes fitted for the measurement of very small 
distances. The bar whose expansion is to be observed is 
then immersed in a bath of boiling water, and when it has 
had time to come to the temperature of this water its 
length is again measured by means of the same measuring 
bar, which is kept all the time immersed in the mixture 
at o^ C. 

It is obvious that if the measuring bar were raised to 
the same temperature as the bar which it is employed to 
measure, the observation would give relative and not 
absolute expansion. 

171. The most direct mode of measuring the expan- 
sion of a liquid is based upon the hydrostatical principle 
that, if two liquid columns produce equal pressures, their 
heights are inversely as their densities. 

If two vertical columns of the same liquid, at different 
temperatures, communicate with each other by means of 
a fine horizontal tube connecting their lower ends, their 
surfaces will be at different levels, and the heights of these 
surfaces above the axis of the connecting tube will be in- 
versely as the densities, or directly as the volumes occu- 
pied by equal masses. 

Thus, if one column is surrounded by a mixture of ice 
and water, and the other is surrounded by water which is 
kept at the temperature 10° C, and if the heights of the 
surfaces above the axis of the connecting tube are as i to 
I '002, the inference is that the expansion of volume of 
the liquid from 0° to 10° C. is '002. The absolute expan- 
sion of mercury has been very carefully determined by 
this method. 

172. The relative expansion of mercury with respect 
to glass can be determined by means of a mercurial ther- 
mometer whose bulb and stem have been gauged before 
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introducing the mercury. It is necessary to know how 
many degrees of the stem are equal to the capacity of the 
bulb. We can thus express, in degrees of the stem, the 
total volume of the mercury at any temperature within 
the range of the instrument. This is a merely relative 
determination, because a degree of the stem is not a con- 
stant volume, but increases with the temperature. 

173. If the mercury occupies n degrees at 0° and 
(i + fl) « degrees at /°, a is the apparent or relative expan- 
sion from 0° to /°. 

If the volume of a degree is d when the temperature is 
0°, and is (i +g) d when the temperature is /**, g is the 
expansion of the glass. 

The volume of the mercury is « // at 0°, and at /° is 
(i +fl) « (i +^) d. But if m be the real expansion of the 
mercury, \\-\-ni) nd \s> the volume of the mercury at /° 
Equating these two expressions, we have 

i + »/ = (i+fl) (1+^), 

an equation which expresses accurately the relation 
between the apparent expansion and the two real expan- 
sions. 

174. The apparent expansion of mercury in 
glass can be more easily observed by means 
of the weight -thermometer (Fig. 64), which 
consists of a large bulb with a bent neck ter- 
minating in a fine opening. It is first com- 
pletely filled with mercury at 0°, the instru- 
ment itself being also at 0°; and is then raised 
to the higher temperature /°. The mercury 
which runs out is caught and weighed. Its 
weight divided by that of the mercury which Fig. 64. 
remains behind is the relative or apparent ex- Weight-ther- 
pansion, above denoted by the symbol a, momcter. 

175. The equation obtained in art. 173 gives, by mul- 
tiplying out, and then subtracting i from both sides, 

m = a'\-g-\'ag. 
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But a and g are so small that their product a g can 
usually be neglected in comparison with their sum. We 
have therefore, practically, 

fn=^a+g,2Lnda = m-gj 

or the apparent expansion is the difference of the two real 
expansions. 

176. Some of the best determinations of the expansion 
of glass have been made by observing the real and appa- 
rent expansions of mercury, and taking their difference. 

The expansions of other liquids have usually been 
determined by observing their apparent expansions relative 
to glass, and adding the expansion of glass. 

177. The following are a few examples of the expansion 
of liquids from 0° to 1° C. : — 

Mercury '000179 

Alcohol, '001049 

Ether, '001513 

Sulphuret of carbon, '001140 

178. The behaviour of water is peculiar. As its tem- 
perature is raised from 0° to 4° C. it contracts, and from 
4° C. upwards it expands. In the neighbourhood of 4° C. 
its changes of volume are very slow, the expansion from 
4° to 5° being only .0000082. For this reason the den- 
sity of water at the temperature of maximum density is 
adopted as the standard of reference in stating the specific 
gravities (or relative densities) of other substances. The 
total expansion of water from 4° to 100° C. is '04315. 

179. Gases (at constant pressure) expand much more 
than solids or liquids; and all gases, except when near 
the condition of liquefaction, expand equally. If V^ 
denote the volume at 0° C, the volume at /° C. is 
Vo (i + a /), where a (called the coefficient of expansion) 

is '00366, or — . The volume at 100° C. is therefore 

1-366 V, 

180. If we construct a thermometer in which tempera- 
tures are indicated by the expansion of air at constant 
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pressure, and graduate it with degrees of equal volume in 
such a manner that it marks 0° and 100° when at the tem- 
peratures of the freezing and boiling point respectively, its 
indications will agree almost precisely with those of a 
mercurial thermometer at all intermediate temperatures. 
At higher temperatures a divergency would appear; the 
mercury thermometer would read higher than the air 
thermometer, the difference increasing with the tempera- 
ture. At such temperatures the air thermometer is 
regarded as the standard instrument. It is scarcely worth 
while to distinguish between the real and the apparent 
expansion of air in an air-thermometer; since the expan- 
sion of glass is practically insensible in comparison with 
that of air; but, strictly speaking, it is the absolute expan- 
sion of air that is regarded as the standard measure of tem- 
perature. 

181. The volume at temperature /° of a mass of air or 
gas which has the volume Vq at 0°, is, as stated in last 

article, Vo ( iH — ). If we multiply this expression by 2 73, 

it becomes V^ (273 + /). 

If, then, we shift the zero of our scale 273 degrees 
below the freezing point, so that the freezing point shall 
be marked 273, and the boiling point 373, the volume V 
of a given quantity of gas at given pressure will be pro- 
portional to its temperature as indicated on this new 
scale. This scale is called the " absolute scale of tem- 
perature by the air thermometer." Its zero is that purely 
imaginary temperature at which the gas would shrink to 
a mathematical point. 

If T* denote the absolute temperature equivalent to the 
ordinary Centigrade temperature /°, we have 

T = /+273, 

and V varies as T when the pressure is constant. 

182. If the pressure varies, let it be denoted by P; 

V p • • 

then -jT will remain constant under all circumstances. 

Example. Find the volume, at 100° C. and a pres- 
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sure of 80 cm. of mercury, of a quantity of gas which 
has a volume of i litre at 0° and 70 cm. 

Denoting the required volume by V, we have 

= - — —: whence 

373 273 ^ 

V = ^^^ =1*2 litre nearly. 

273 X 8 -^ 



THERMAL CAPACITY. 

183. Water is taken as the standard substance in mea- 
suring quantities of heat The unit of heat is usually 
defined as the quantity of heat which must be added to 
unit mass of cold water to raise its temperature one degree. 
In discussions relating to conduction, it is more common 
to employ as the unit the quantity which would raise the 
temperature of unit volume of cold water one degree. 
When the gramme is the unit of mass, and the cubic 
centimetre the unit of volume, the two definitions are 
practically identical; and the unit of heat which they 
define is called the gramme-degree, 

184. The quantity of heat required to raise the tem 
perature of a given body one degree is called the thermal 
capacity of the body. Hence the thermal capacity of unit 
mass of cold water is unity; and the number which 
denotes the thermal capacity of a body expresses the mass 
of water which has the same thermal capacity as the 
body. 

185. The tliermal capacity of unit mass of a substance 
is called the specific heat of the substance. It is identical 
with the ratio of the thermal capacity of any mass of the 
substance to that of an equal mass of water. Thus, when 
we say that the specific heat of a substance is '5, we mean 
that its thermal capacity is half that of an equal mass of 
water. 

The specific heat of a substance will accordingly be 
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denoted by the same number, whatever unit of mass, and 
whatever scale of temperature be employed. 

186. The quantity of heat required to raise unit mass 
of water 1° C. is not rigorously the same at all tempera- 
tures, but increases slightly with the temperature. The 
quantity required to raise it from 0° to 100° is about 
looj^ times the quantity required to raise it from 0° to 1°. 
When excessive accuracy is required, the definition of the 
unit of heat must state the precise temperature at which 
the water is to be taken; but it is not often that thermal 
measurements can be depended on within one per cent 

187. Knowing the thermal capacities of two bodies, we 
can calculate the common temperature to which they will 
come when allowed to give and take heat freely between 
themselves, while protected from thermal communication 
with other bodies. 

Thus, let a ball of iron of thermal capacity /, and at the 
temperature 100°, be immersed in water of thermal capa- 
city w and at the temperature 0°. If we denote the 
resulting temperature by ^°, we have a body of capacity i 
brought down from temperature 100 to temperature x. 
This implies a loss of / (100 -^) units of heat. On the 
other hand we have a body of capacity w raised from 
temperature o to temperature x. This implies a gain of 
w X units of heat. But the one body gains what the other 
loses, as there is supposed to be no external commimica- 
tion. Hence we have the equation 

wx = i (100 -i») 
whence we find 

_ loot 

X — , •• 

If we had supposed the water to be initially at 2®, its gain 
of heat would have been w (x- 2), and the final result 
would have been 

_ iQoi 4- aw 
X — • 

% +w 

188. When the mass and specific heat of a body are 
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given, its thermal capacity is found by multiplying them 
together. Hence we can solve such questions as the fol- 
lowing: — 

A copper ball weighing 1 20 gm. is raised to the tem- 
perature of 90°, and is then immersed in 1000 gm. of 
water at 10°. Find the resulting temperature, the specific 
heat of copper being '092. 

Here the thermal capacity of the ball is 120 x -092 = 

1 1 '04. The thermal capacity of the water is looo. The 

1^ J. j_ • 11*04x90 + 1000x10 ZOQ04 0.0- 

resultmg temperature IS „.^+iooo ""i^^ '° ^7 

nearly. 

189. Conversely, from observation of the resulting tem- 
perature, we may compute the specific heat of the ball. 

Example i. A metallic ball, whose specific heat is to 
be determined, is heated to 100°, and then immersed in 
water at o^ The mass of the ball is 150 gm., that of the 
water 1200 gm., and the resulting temperature is 1°. 
Compute the specific heat of the ball. 

Calling it x, we have 150 ^ as the capacity of the ball. 
The capacity of the water is 1200, and we have i5o.:c x 
99= 1200 X I. 

-, = i^ = .o8o8. 
14850 

Example 2. A copper ball, of mass 100 gm. and 
specific heat '092 15, is heated to 100° and plunged in 
800 gm. of a certain liquid at 5°. The resulting tempera- 
ture is 6°'5. Find the specific heat of the liquid. 

Calling it x, we have 800 x as the capacity of the liquid, 
while that of the ball is 9*215. Hence we have 800 jc x 
15 = 9-215 X 935. 

i2oo^ = 86i'6, ^=718. 

190. In accurate experiments for the determination of 
specific heat by the method here described, special pre- 
cautions must be taken to make the loss of heat to the air 
and the containing vessel as small as possible, and the 
amount of such loss (or gain) must be allowed for in the 
final calculation. 
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Z92. The specific heats of nearly all solids and liquids 
increase with temperature. By the mean specific heat of 
a substance between two temperatures t^ and C is meant 

r37 oi the heat required to raise unit mass of the sub- 
stance from t^ to t^. 

193. The following is a table of mean specific heats 
between 0° and 100° C. : — 



Glass, '1770 

Iron, '1098 

Copper, '0949 

Zinc, '0927 

Silver, , -0557 



Antimony, '0507 

Platinum, *033S 

Mercury, '0330 

Water, 1*005 



The following is a list of specific heats of liquids at at- 
mospheric temperatures : — 

Water, I'ooo I Ether, -529 

Alcohol '548 I Sulphuret of carbon, '235 

194. If we define the specific heat of a gas to be the 
quantity of heat required to raise unit mass of it one degree 
when it is not allowed to expand, but is kept at constant 
volume, the specific heat of perfectly dry air will be repre- 
sented by the number '1691 at all temperatures and presh 
sures. If, on the other hand, we define it, as in the case 
of liquids and solids, to be the quantity of heat required 
to raise unit mass one degree when kept at constant pres- 
sure, the specific heat of air will be '2375 at all tempera- 
tures and pressures. It is therefore important to distin- 
guish between the specific heat of a gas at constant volume 
and its specific heat at constant pressure. The difference 
between the two is '0684 for air, and for any other gas 
which has the same coefficient of expansion as air, it is Qie 
quotient of '0684 by the relative density of the gas, as 
compared with dry air at the same pressure and tempera- 
ture. The ratio of the two specific heats is 1*404 for dry 
air, and is sensibly the same for other gases except those 
which can be artificially condensed into liquids. 

195. The following approximate laws of non-condensable 
gases are equally true for both specific heats : — 
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(i.) The specific heat of a given non-condensable gas is 
the same at all pressures and at all temperatures. 

(2.) The specific heats of different non-condensable 
gases are inversely as their densities, these latter being 
compared at the same pressure and temperature. This 
amounts to saying that the thermal capacities of equal 
volumes of different gases are equal at the same tempera- 
ture and pressure. 

196. It is believed that the specific heats of all elemen- 
tary gases and vapours whatever would be found to obey 
this second law, if they could be examined at sufficiently 
high temperatures. This belief is supported by the fact 
(known as Dulong and Petit's law) that what are called in 
chemistry the " atomic weights " of the elements are, with 
a few exceptions, approximately in the inverse ratio of their 
specific heats; taken in conjunction with the fact that the 
atomic weights of the non-condensable gases are directly 
as their densities (at the same pressure and temperature). 



THERMAL PHENOMENA CONNECTED WITH 
SOLIDIFICATION AND EVAPORATION. 

HEAT CONSUMED OR DEVELOPED IN CHANGE OF STATE. 

197. A mixture of snow and water, or pounded ice and 
water, has a nearly uniform temperature throughout. 
This temperature (if the mixture be under ordinary atmo- 
spheric pressure) is 0° C. 

Ice in contact with water cannot be raised above this 
temperatm-e, and water in contact with ice cannot be 
depressed below it. It is the one temperature at which 
water and ice can remain in contact without either the ice 
melting or the water freezing. When hot water is mixed 
with ice at a temperature below 0° C, and the mixture is 
protected against external gain or loss of heat, it will (at 
least if agitated) attain finally a uniform temperature 
throughout, and one of three results will be obtained; 
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either (i), the whole will be water at a temperature not 
less than o°; or (2), the whole will be ice at a temperature 
not higher than 0°; or (3), part will be water and part ice, 
and both will have the temperature 0°. 

198. When a mixture of ice and water is continually 
gaining heat from without, and is at the same time con- 
tinually agitated, some of the water will be at a tempera- 
ture a little higher than 0°; but, unless the pieces of ice 
be large, and the external source of heat very active, it 
will be scarcely possible to detect this elevation by a ther- 
mometer plunged in the mixture. The heat which is 
gained from without serves to melt the ice, changing it 
from ice at 0° into water at o''. 

If a similar mixture is exposed to intense cold, so as to 
lose heat externally, the effect of this loss of heat will be 
to convert some of the water into ice, but if the whole be 
so well stirred as to prevent any sensible difference of tem- 
perature from existing between different parts, a thermo- 
meter plunged in the mixture will still indicate the tem- 
perature 0°. 

199. The heat required to melt unit mass of ice with- 
out change of temperature is called the heat of liquefaction 
of ice, or the latent heat of water, and amounts to nearly 
80 thermal units of the Centigrade scale; in other words, 
it would be sufficient to raise nearly 80 times its mass oif 
water one degree Centigrade. The same quantity is given 
out without fall of temperature when unit mass of water 
freezes. 

200. The following examples illustrate this subject: — 
Example i. Equal masses of ice at 0° and hot water 

are mixed, and the result is water at 0°. Compute the 
temperature of the hot water. 

We may assume the mass of each to be unity, as this 
assumption cannot affect the answer. Then the ice 
requires 80 units of heat to melt it, and this heat is fur- 
nished by unit mass of hot water, which, by losing it, is 
reduced to the temperature 0°. Hence the initial tem- 
perature of the water was 80°. 
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Example 2. Ice at 0° is mixed with ten times its mass 
of water at 20°. Find the result. 

The heat required to melt the ice (whose mass may be 
taken as unity) would be 80, and the heat which the 
water would lose if brought to 0° is 200. Hence the ice 
will all be melted, and the temperature of the resulting 
water will be above 0°, call it j;°. Then 80 heat-units are 
consumed in melting the ice, and x units are employed in 
raising its temperature after melting. On the other hand, 
the original water parts with 10 (20-^) units. Hence we 
have the equation 

80 + jc = 10 (20 - ^), 

whence we find iij;=i2o, x=-\\ nearly; that is, the 
result will be water at 11°. 

Example 3. Find the result when ice at 0° is mixed 
with s times its mass of water at 6°. 

Here the heat which the water would lose in coming to 
0° is 30, whereas 80 would be required to melt the ice. 
Hence the ice will not all be melted. In fact, fj or f of 
it will be melted, while the other f will remain ice. The 
temperature of the whole will be 0°. 

Example 4. A pound of wet snow mixed with 5 pounds 
of water at 20° yields 6 pounds of water at 10°. Find 
the proportions of ice and water in the wet snow. 

Taking a pound as the unit of mass, let x denote the 
mass of ice, and therefore i-x the mass of water in the 
wet snow. 

The part x consumes 80 x units of heat in melting, and 
gains 10^ units in rising in temperature. 

The part i - ^ gains 10(1-^) in rising in temperature. 

The 5 pounds of water lose 50 units in falling in tem- 
perature. Hence we have 

Zo X -\- \o X -V \o (i -ji;) = 5o, 

IT* 



80 ^ = 40, ^ = ^, I - ^ - ^ 



ice. 



Hence the wet snow consisted of equal parts of water and 
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201. A similar disappearance of heat occurs when 
water is converted into steam. When the conversion is 
effected at ordinary atmospheric pressure, the heat which 
disappears is 536 times as much as would raise the tem- 
perature of an equal mass of cold water one degree Centi- 
grade. This is expressed by saying that the heat of 
vaporization of water or the latent heat of steam at atmo- 
spheric pressure is 536. The same quantity of heat reap- 
pears when the steam is liquefied at atmospheric pressure. 
Thus a pound of steam at 100°, if condensed in 536 pounds 
of cold water, would raise the temperature of this large 
quantity of water by 1° Centigrade. 

Example. A gramme of steam at 100'' C. is condensed in 
I o grammes of water at 0°. Find the resulting temperature. 

Calling the required temperature x^ we have 536 units 
of heat given out by the steam in virtue of its liquefaction, 
and 100 - j; units in virtue of its fall of temperature. On 
the other hand, we have 10 ^ units gained by the 
10 grammes of cold water. Thus we have 

536 -I- 100 -x=iox^ 
II ^=636, JC= 58 nearly; 

that is, the resulting temperature is about 58^ C. 

202. The following are the heats of liquefaction and of 
vaporization of various substances, in units of the Centi- 
grade scale. 

Heat of Liquefaction. 

Water, 79*25 

Nitre, 62*975 

Zinc, ; 28-13 

Tin, 14 '252 

Lead, 5369 

Mercury, 2*83 

Heat of VaporizatioTi 
at one AMnosphere. 

Water, 535*9 

Wood spirit, 263*7 

Alcohol, 202*4 

Ether 90'45 

Sulphuret of carbon, 86*67 

It will be observed that in both lists water stands at 
the head of the scale. Water also stands first- in the list 

8 
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of specific heats (art. 193). The properties of water are 
therefore such as eminently tend to prevent sudden 
changes of temperature. 

Most substances expand in melting and contract in 
solidifying. Some, however, including iron and ice, ex- 
pand in solidifying and contract in melting. The volume 
of ice is to that of the water from which it is formed as 
12 to II nearly. 



PEAT AS A FORM OF ENERGY. 

203. It is a familiar fact that friction produces heat. It 
is also a familiar fact that, in consequence of friction, more 
work must be spent in driving a machine than the machine 
will yield. These two facts stand in close connection. In 
the majority of cases the excess of the work done in driv- 
ing a machine above the work yielded is represented by 
the heat arising from the friction; and in every case it is 
represented by energy, in some shape or other, which is 
generated by the action of the machine in addition to its 
regular work. Heat is not a substance, for we can create 
it in any quantity — but is a form of energy. When it is 
produced some other kind of energy must perish in its 
production; and conversely, other forms of energy can be 
produced by operations in which heat disappears. 

204. The first accurate determinations of the quantita- 
tive relations between heat and other forms of energy 
were made by Joule. He arrived at the conclusion (in 
1850) that the heat which raises one pound of water 
through 1° Fahr. is equivalent to 772 foot-pounds of 
mechanical energy. The best experiments which have 
been made since (by Joule and others) give results 
greater than this by i or 2 per cent., and 780 may be 
adopted as probably nearer the truth. 

To reduce to the Centigrade scale we must multiply 
by ^, giving 1404. This is the number of foot-pounds ox 
energy that are equivalent to one pound-degree of heat, 
or is the number of foot-grammes equivalent to one 
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gramme-degree. If we introduce the centimetre instead 
of the foot the number will be 42,800; and finally, if we 
eliminate the variable element, gravitation, and employ 
the erg^ (the absolute unit of work defined in art. 45,) 
the number will becoipe 42,000,000. In making com- 
parisons between quantities of energy of various kinds, it 
is convenient to employ the erg as the common term of 
comparison. The student should therefore endeavour to 
remember that the quantity of energy in one gramme-degree 
of heat is forty 'two million ergs, 

205. It is easy to contrive arrangements in which 
mechanical energy sh^l be wholly converted into heat, 
but it is not possible to contrive arrangements in which 
heat shall be wholly converted into mechanical energy. 
In every steam-engine there is a partial conversion of 
heat into mechanical energy; mephanical work is done, 
and an equivalent quantity of heat supplied to the engine 
perishes in the doing of it; but there is a practical limit 
to the proportion of the whole heat which can be thus 
utilized. The remainder of the heat (and this is by far 
the larger portion) is given out from the engine, some of 
it being communicated to the air and surrounding bodies 
by radiation and conduction, and a still larger portion 
of it being carried off in the waste steam of a non-con- 
densing engine, or in the waste hot water of a condensing 
engine. The student cannot too carefully attend to the 
fact that the total amount of heat which thus escapes 
from the engine is less than the heat supplied to it The 
engine cannot )deld work without sacrificing a portion of 
its heat. The heat sacrificed is the measure of the work 
yielded, and it is the aim both of the constructors and 
the users of engines to destroy as much heat as possible 
in proportion to the whole heat supplied. The ratio of 
the heat destroyed to the heat supplied is called the effi- 
ciency of the steam, and the largest value that it has attained 
in any steam-engine hitherto constructed does not ex- 
ceed \, 

206. Efficiency is promoted by a high temperature of 



Il6 HEAT. 

boiler and a low temperature of condenser; for the limit of 
efficiency to which a theoretically perfect heat-engine of 
any kind would attain (as shown in books on Thermo- 
dynamics), is 

Ti ^^ 273 +/r 

T, and T, denoting the absolute temperatures of boiler 
and condenser, and t^ and /, the same temperatures ex- 
pressed in the ordinary Centigrade scale. 

207. A few examples at this stage will be useful. 

Example i. A leaden bullet, moving with a velocity of 
40,000 centimetres per second, strikes a solid iron target 
and is thus brought to rest. Find the heat generated. 

Let m denote the mass of the ball in grammes. Then 
the energy of the motion v&}^mv^ ergs, v denoting 40,000, 

and the heat generated will be ^^^ , where J denotes 

42,000,000. Putting in the numerical values, we have 

imv^ 1 16x10* 800 1 

-:= — = Irtn s = m — ^iQtn, nearly. 

J 2 42x10' 4a -^ ' ' 

In the circumstances supposed, iron being much harder 
than lead, the energy of the motion will be mainly ex- 
pended in flattening the bullet, which is thus heated by 
internal friction of its parts. If we suppose all the heat 
generated to be taken up by the bullet, we can calculate 
the effect upon it from the following data: — 

Heat of liquefaction of lead, 5*37 

Specific heat of solid lead, '03M 

Temperature of fusion, 326* 

Initial temperature, say 10'' 

To raise a gramme of lead from 10° to 326° 

requires 316 x '0314 = 9*92 units of heat. 

To melt it without change of tem- ( - . - 

00/ 



) 



perature requires, 

Making a total of. 15*29 units of heat 



X 
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required to raise a gramme of lead from 10° to its melting 
point and to melt it. As 15*29 ;/; is less than 19 m, the 
bullet will be melted. 

Example 2. The height of a waterfall is 100 feet, and 
the water runs away at the bottom with the same velocity 
with which it arrived at the top. Compute the rise of 
temperature due to the shock. 

Here each pound of water loses 100 foot-pounds of 
energy of position, which is first converted into energy of 
motion during the descent, and then by collision converted 
into heat. The rise of temperature will be |^ of a 
degree Fahr., or about 3^ of a degree Cent 

Example 3. Mercury is poured from a height of 100 
feet into a vessel suitably placed to receive it, the arrange- 
ments being such that tiie liquid cannot splash over. 
Find its rise of temperature, supposing the heat generated 
to be all taken up by the mercury. 

Here the heat gained by a pound of the liquid is the same 
as in the preceding example; but the rise of temperature 
will not be the same, since the specific heat of mercury 
is not I but •^. The mercury will therefore be raised in 
temperature -f^, or 2-J- degrees Cent. 

208. When air expands without any communication or 
abstraction of heat by surrounding bodies, its temperature 
falls, and if we know the work done in the expansion we 
can compute the fall of temperature. The heat lost is 
the equivalent of the work done, and the air falls in tem- 
perature to the same extent as if this heat were abstracted 
at constant volume. In like manner when air is com- 
pressed without entrance or escape of heat, its temperature 
is raised, and the rise of temperature is the same as if a 
quantity of heat equivalent to the work done in compress- 
ing it were communicated to the air at constant volume. 

A compression or expansion amounting to ^ of the vol- 
ume of the air, (T denoting its absolute temperature,) 
alters its temperature by .404 of a degree. This is the 
main reason of the great difference which exists between 
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the teiaperature at the earth's surface and that in the 
upper legions of the air. 

209. We can now understand why the specific heat of 
a gas is greater at constant pressure than at constant 
volume. When the gas is heated at constant pressure, 
it pushes back the surrounding air by its expansion, and 
thus does work against external resistance. When it is 
heated at constant volume it does no external work. 
If we compute the work done in the former case we 
shall find it to be almost precisely equal to the differ- 
ence between the amounts of heat required in the two 
cases. 

Thus if we suppose a cubic centimetre of air at the 
same pressure as the external atmosphere to be inclosed 
in a cylinder beneath a movablb piston whose area is 
I sq. cm., and heat to be applied to this air, at constant 
pressure, untU its volume is doubled, it will, by its expan- 
sion, push up the piston through a distance of i cm. 
Let the pressure of the atmosphere be a million dynes per 
sq. cm. Then the work done by the expanding air in 
pushing up the piston, being due to a force of a million 
dynes working through a distance of one centimetre, will 
be a million ergs. 

Let the initial temperature be 0° C. Then since the 

expansion is — of the initial volume for each degree, the 
273 

final temperature must be 273° C. 

The mass of a cubic cm. of air at o® C. and the assumed 
pressure is '001276 gm., and the specific heat of air at 
constant pressure is '2375. Hence the heat required is 
273 X '001276 X '2375, that is, '08273 gramme degrees. 
The energy of this amount of heat is 

•08273 X 42 million = 3*475 million ergs. 
The work done was i 
The remainder is 2*475 



99 » 
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The quantities of heat required to produce the same 
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elevation of temperature at constant volume and at con- 
stant pressure are almost exactly as 

2*475 ^o 3'475> ^^^^ is as i to i'404. 

210. All substances (whether solid, liquid, or gaseous) 
which expand when heated at constant pressure are raised 
in temperature by compression. A compression amount- 
ing to ^, where T is the absolute temperature, produces 
a rise in temperature of-,- i, where s and /denote the 

•I 

specific heats of the substance at constant pressure and 
at constant volume. 

HEAT OF COMBINATION. 

^11. Combustion. — ^The most familiar mode of 
generating heat is by combustion. A gramme of carbon, 
in uniting with the oxygen of the air to form carbonic acid, 
generates about 8000 gramme-degrees of heat. A gramme 
of hydrogen, in uniting with oxygen to form steam, 
generates about 34,000 gramme-degrees. The heat of a 
fire is due to the union of the oxygen of the air with the 
carbon and hydrogen of the fuel. Fuel is a reservoir of 
potential energy, inasmuch as its elements are ready, 
whenever opportunity is given, to unite with the oxygen of 
the air and develop this large amount of heat. 

212. The words "whenever opportunity is given" 
require some explanation. Fuel does not unite with oxy- 
gen unless it is first raised to a high temperature. But if 
we raise a small part of it to this temperature by external 
communication of heat, this part will, by its combustion, 
generate much more heat than was given it, and under 
proper management the ignition of this part may bring 
about the ignition of the whole. 

Some mechanical illustrations may help us to a partial 
understanding of what goes on in such cases. If we have 
a large stone, lying near the edge of a precipice 1000 feet 
deep, the stone will not move over of itself; but it is ready 
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to fall when opportunity is given, and a trifling expendi- 
ture of work in moving the stone to the edge will enable 
it to descend to the foot with terrific violence. This is 
an example of giving opportunity for the running down of 
potential energy, 

213. Again, it is a common amusement with children 
to set a row of bricks on end, with small distances between 
them, so that when the first is tumbled over against the 
second, the whole row of bricks will fall in succession, 
each one knocking down the next. This is an example 
of the way in which the running down of energy may be 
passed on from particle to particle through a large mass. 
The firing of st train of gunpowder is another instance in 
which the running down of energy is passed on from par- 
ticle to particle. 

214. In the firing of a gun there is a combination of 
illustrations of the kind of action we are considering. 
First, a little work spent in pulling the trigger releases a 
strong spring in the lock and brings about a smart blow 
with the hammer. This blow liberates the explosive 
energy of the perctission cap, which in its turn fires the 
powder. Thus we have a series of processes in which the 
running down of a smaller quantity of energy gives oppor- 
tunity for the running down of a larger. 

215. Combustion and explosion are examples of the 
general principle that chemical combination produces 
heat. It is necessary, however, to remark, by way of 
caution, that chemical combination is often accompanied 
by changes of state, — as from the solid to the liquid, or 
from the liquid to the solid form, — or by contraction of 
volume. These changes in some cases increase the heat- 
ing effect due to the mere satisfying of chemical affinity; 
in other cases they diminish it, or even overpower it and 
produce cold, as in the case of what are called " freezing 
mixtures." One of the commonest of these is a mixture 
of snow and common salt. They unite to form liquid 
brine at the definite temperature - 22° C. The tempera- 
ture of this mixture was intended by Fahrenheit to be the 
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zero of his scale, but it is really - 7®'6 on the Fahrenheit 
scale as now defined. . 

216. Animal Heat. — The high temperature of the 
bodies of animals is maintained by the continual combin- 
ation of oxygen derived from the air with substances con- 
taining carbon and hydrogen, which are derived from the 
animal's food. The blood receives a supply of oxygen in 
the lungs, and distributes it to all parts of the body. The 
oxidation of animal substances, with its attendant genera- 
tion of heat, is thus continually going on, not in the lungs 
only, but wherever the blood circulates; and muscular 
exertion increases the quantity of matter oxidized in the 
muscles employed. 



CONDUCTION OF HEAT. 

217. When heat is applied to one end of an iron bar, 
the whole bar is gradually raised in temperature by heat 
transmitted along the substance of the bar. Heat trans- 
mitted in this manner is said to be conducted. 

If the bar could be completely protected against the 
escape of heat from its surface, this process would go on 
till the rest of the bar attained the same temperature as 
the part to which heat is directiy applied. In ordinary 
circumstances the process goes on till the escape of heat 
from each portion of the surface is as rapid as the supply 
from within. The bar is then said to have attained the 
permanent condition; or Xhtflow of heat is said to be steady. 

2x8. A good conductor is a substance which transmits 
heat rapidly by conduction. Such a substance is said to 
have high conductivity. 

To obtain a measure of conductivity, consider any 
isothermal section of the substance, that is, any section 
which has the same temperature in all parts. Let this 
temperature be T°. Also consider another isothermal 
section very near the first, and let its temperature be 
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T + /. The two sections will have sensibly the same area, 
and we shall suppose the distance between them to be 
sensibly the same over an area of i cm. Call this dis- 
tance X, Then the quantity of heat transmitted in one 
second through this square centimetre will be dirfecdy as 
the difference of temperature /, and inversely as the thick- 
ness X, It may, therefore, be expressed by the formula 

k—y where k is the proper measure of the conductivity of 

the substance. 

Our reason for selecting two sections very near together 
is, to insure that the quantity of heat gained or lost by the 
intervening lamina of the substance shall be insignificant 
in comparison with the whole heat transmitted through it. 

219. If we wish to base our definition upon the trans- 
mission of heat through a portion not excessively thin, we 
must suppose steady flow to have been attained, and must 
suppose the isothermal sections to be parallel planes. 
Then the rate of transmission of heat will be the same at 
all these sections, and the quantity which traverses one 
square centijnetre of any one of them in one second will 
be correctly expressed by the formula above employed, 

k—, if we make / denote the difference of temperature 

between two isotherrtial sections, whose distance is Xy and 
k the conductivity of the substance. 

220. The following is an approximate list of the con- 
ductivities of a variety of substances, the units referred to 
being the centimetre, the gramme, and the second: — 

Conductivity. 

Copper, I'l 

Iron, '16 

Lead '02 

Ice, *0022 

Marble, '0012 

Glass, *ooo5 

Indian-rubber, '000089 

Fir (across grain), *oooo88 

Cotton wool (compressed), '000034 

These values are for ordinary atmospheric temperatures. 
The conductivity of metals decreases as their temperature 
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increases. According to Professor Tait's experiments the 
conductivity of iron is inversely as the absolute tempera- 
ture (art. 181). 

221. The following examples will illustrate the use of 
the foregoing table : — 

Example i. How much heat is conducted in one second 
through an iron plate of length 20 cm., breadth 12 cm., 
and thickness '5 cm., when its faces are steadily main- 
tained at temperatures differing by 10° C? 

Answer, "^^ '^ ^.^ " ^ '° = 768 gm.-deg. 

Example 2. How much heat is conducted per annum 
through each sq. cm. of horizontal area of a stratum of 
marble, if the temperature increases with the depth at the 
rate of 1° C. for 3000 cm.? 

Answer, '0012 x -^ x 60 x 60 x 24 x 365 = 12*6 gm.-deg. 

RADIATION OF HEAT. 

222. When I hold my hand before a bright fire, the 
heat which my hand receives is not conducted to it 
through the air. The temperature indicated by a ther- 
mometer held before the fire is not the temperature of the 
air, but is much higher. Any body so held acquires a 
temperature higher than that of the air around it, and ac- 
cordingly gives heat to this air instead of receiving heat 
firom it. 

In like manner, the heat which the sun sends to the 
earth traverses on its way the upper regions of the atmo- 
sphere, where very intense cold always prevails. 

A lens of ice will collect the sun's rays and inflame sub- 
stances at the focus, in the same way as an ordinary 
burning-glass, though the temperature of the ice itself can 
never exceed zero. 

223. The mode of transmission of heat of which these 
are instances, is called radiation. 

The laws of radiation of heat are identical with the laws 
of light, and there is no essential difference between light 
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and radiant heat. All kinds of luminous rays are heating, 
but some rays which are heating do not affect the human 
eye with the sensation of light. 

224. The emission and absorption of heat by bodies 
in contact with the air are due to two distinct actions, 
namely, radiation and surface-conduction^ — actions which 
sometimes assist and sometimes oppose each other. 
Surface-conduction, properly so called, is due to the con- 
tact of the air with the body, and takes place more rapidly 
in wind than in calm air, — more rapidly in dense than in 
rare air. Radiation, on the contrary, is independent of 
the contact of the air, and goes on with at least equal 
activity in vacuo. 

225. Radiation is very much affected by the nature of 
the surface of the radiator. The worst radiators are 
brightly polished metallic surfaces, and the best radiator 
known is carbon, which, in experiments on radiation, is 
generally employed in the form of lamp-black. 

226. A good radiator both emit^ heat and absorbs 
heat copiously by radiation, the one power being in all 
cases a precise measure of the other. The blackness of 
charcoal is due to its complete absorption of luminous 
rays. The brightness of gas and candle flames is believed 
to be due to copious emission of luminous rays by the 
small particles of solid carbon which these flames contain. 
A flame of pure hydrogen, though hotter, is far less lumin- 
ous. 

227. The absorbing power of a surface is usually 
different for different kinds of rays. Black surfaces far 
exceed white ones in their power of absorbing heat from 
the sun and from other brightly luminous sources of heat 
This difference, however, does not extend to their respec- 
tive powers of absorbing dark heat, such as that emitted 
from a kettle filled with boiling water. White-lead, for 
example, is one of the best absorbers of dark heat. 

Still more remarkable instances of selective absorption 
are exhibited by gases, and are always accompanied by a 
corresponding selective emission. We shall return to this 
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subject and discuss it more fully under the head of Optics, 
in connection with the spectroscope. 

228. Radiant heat, while on its way from the emitting 
to the absorbing body, must be regarded as consisting in 
an affection, not of the intervening air or other gross 
matterj'^but of the luminiferous ether which permeates all 
matter and all space. 

229. Bodies which 'are transpar^int to radiant heat are 
called diathermanous. One of the most diathermanous 
bodies known is rock-salt. Glass and water are far less 
transparent to dark than to luminous radiation, and Pro- 
fessor Tyndall has found a liquid (solution of iodine in 
sulphuret of carbon) which is eminently diathermanous 
to dark heat though opaque to light. These differences 
are precisely of the same nature as differences of colour. 
A piece of coloured glass permits rays of certain colours 
to pass and absorbs others. The difference between red 
and violet rays is the same in kind as the difference 
between dark and luminous rays. 

CONVECTION. 

230. In liquids and gases the transference of heat from 
one portion to another is chiefly effected by convection^ 
that is to say, by the intermixture of hotter and colder 
portions. Liquids and gases are very bad conductors, 
and heat applied to their upper portions descends with 
extreme slowness, so that water, for example, may be 
brought to the boil in the upper part of a test tube while 
the lower part contains unmelted ice. But if heat is 
applied to their lower portions, these ascend as they 
become heated, in consequence of the diminution of 
their specific gravity by expansion, and colder portions 
descend to be heated in turn. The currents thus pro- 
duced can be rendered visible by putting saw-dust into 
the liquid. If a spirit-lamp is held under a beaker of 
water into which oak saw-dust has been dropped, the saw- 
dust will be observed to ascend immediately over the 
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lamp, and, after reaching the top, to descend again at a 
distant part It will then flow inwards towards the place 
where die heat is appUed, and will again ascend, thus 
manifesting the existence of a continual circulatory move- 
ment in the liquid. 

231. The ascent of smoke and hot air up a chimney 
is another example of a convection current. In order 
that a chimney may draw well, the opening at the bottom 
must be of suitable size. If it is too large, a quantity of cold 
air from the room will accompany the hot air which has 
passed through the fire, and will, by its greater specific 
gravity, retard the ascent. A tall chimney draws better 
than 2L short one, because the force to which the ascent is 
due is the difference between the weight of the chimney- 
ful of hot air and the weight of an equal volume of cold 
air. 

232. Winds are (at least in their origin) to be regarded 
as convection currents. If any part of the earth's surface 
becomes hotter than surrounding parts, the tendency is 
for air to flow in to it below, to ascend over it, and then 
to spread outwards above. It is thus that the sea-breeze 
is produced, every afternoon, at places near the coast in 
intertropical countries, the ground having been heated by 
the sun's rays to a higher temperature than the sea; while 
about twelve hours later, the reverse effect, a land breeze, 
occurs, the ground having fallen at night to a lower tem- 
perature than the sea. 

The monsoons of the East Indies may be described as 
land and sea breezes, occurring on a large scale, and 
governed not by the diurnal but by the annual movement 
of the sun. 

233. The trade-winds are due, in the first instance, to 
the excessive heating of the equatorial parts of the earth 
— ^both land and sea. An ascent of air is thus produced 
over the equatorial belt, and colder air flows in from both 
sides. Owing to the earth's rotation the winds thus pro- 
duced are not due north and due south, but north-east and 
south-east The air which has ascended in the equatorial 
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regions spreads out on both sides, and finally descends 
(perhaps in the polar regions) to be again drawn towards 
the equator. The whole atmosphere is thus in a con- 
tinual state of circulation. 

234. A similar circulation is doubtless taking place in 
the ocean, but much more slowly, because water is much 
less expansible by heat than air. The currents which are 
familiar to navigators in many parts of the ocean are 
merely superficial, and are probably due to wind act- 
ing on the surface of the water. The general circula- 
tion to which we now refer is on a much larger scale, but 
is probably too slow to attract attention unless special 
means are used for detecting it Numerous observations 
made in recent years show that the bottom of the ocean, 
even in equatorial regions, is at a temperature not much 
higher than that at which fresh water freezes. This cold 
water has doubtless found its way along the depths of the 
sea from the polar regions, while a general flow from 
equator to poles is taking place nearer to the surface. In 
connection with oceanic circulation it is to be noted that 
sea water (unlike fresh water), when cooled, con^:inues to 
contract until it reaches its freezing point 
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235. If water is put into a vessel containing perfectly 
dry air, and the vessel is Aen closed so that no air or 
vapour can enter or escape, a portion of the water will 
evaporate and mix with the air. The quantity of vapour 
that will be formed depends upon the temperature of the 
inclosure, and very little or not at all upon the density of 
the air within it, being nearly the same for vacuum as for 
air at atmospheric density. The denser the air the more 
slowly will the vapour be formed and the longer will be 
the time required to attain the condition of equilibrium 
in which evaporation ceases, but the quantity of vapour 
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requisite for equilibrium is practically unaffected by the 
presence of the air. This important law, which holds 
for other liquids as well as for water, was discovered by 
Dalton, who also showed that the pressure of the mixture 
of air and vapour thus produced is equal to the pressure 
which the air would exert if the vapour were removed, 
plus the pressure which the vapour would exert if the air 
were removed, or, as the law is usually expressed, the 
pressure of the mixture is the sum of the pressures due to 
the air and vapours separately. This second law is 
identical with that which determines the pressure of a 
mixture of two gases. 

236. For any given temperature there are a certain 
definite density and a certain definite pressure which the 
vapour tends to attain if in contact with its liquid, and 
which it cannot exceed. These are called the maximum 
density and maximum pressure for that temperature^ and 
the word maximum is frequently omitted when no mis- 
understanding is likely to occur. 

237. The maximum pressure increases very rapidly as 
the temperature increases. Its value at 10° C. is double 
of its value at 0°, and its value at 120° is double of its 
value at 100®. 

238. The temperature corresponding to any given 
maximum pressure is called the boiling point for this 
pressure. The boiling point accordingly rises as the 
pressure increases. 

When a kettle half full of cold water is placed on the 
fire, the space above the water contains a mixture of air 
and vapour until the water comes to the boil, the pressure of 
the mixture being all the time equal to or slightly greater 
than that of the external air. When the boiling point 
is reached, the pressure of the vapour alone is equal 
to that of the external air. As the boiling proceeds 
the boiling point is slighdy exceeded, and the steam, 
having a slightly greater pressure than the external air, is 
able to expel it and take exclusive possession. 

239. Let a littie water be boiled in a Florence flask, 
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and while it is boiling let the flask be corked air-tight, 
and the source of heat removed. We thus obtain an 
inclosuie containing only water and vapour of water. 
Ebullition will immediately cease, but if the flask be now 
plunged into cold water 
{so as to be completely 
immersed) ebullition will 
recommence and will 
continue for some time. 
This experiment, which 
was contrived by Frank- 
lin, is explained by the 
diminution of tempera- 
ture and pressure in the 
vapour by immersion in 
cold water. The water 
in the flask having much 
greater capacity for heat 
than the vapour, is less 
rapidly cooled, and its 
temperature is accord- 
ingly higher than the | 
boiling point corre- [ 
spending to the dimi- 
nished pressure. The 
same effect may be ob- 
tained by invereing the flask and squeezing a 
over it, as in Fig. 65. 

240. In like manner water which is a little below the 
boiling point in the external air, if placed in an open 
vessel under the receiver of an air-pump, will be made to 
boil by a few strokes of the pump. 

241. As the boiling point of water in the open air is 
an index of the pressure of the air, an observation of the 
boiling point is equivalent to an observation of the baro- 
meter. A thermometer with very long degrees finely 
subdivided and reading only from about 95° to 100°, is 
often employed, in conjunction with a small apparatus in 
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± sponge 
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which water can be boiled, for determining the heights of 
mountains. It is equivalent to a barometer, and has the 
advantage of great portability. The bulb of the thermo- 
meter is not immersed in the water but in the steam, the 
vessel being so contrived that the steam must circulate 
round the thermometer before escaping through a small 
opening into the air. It is found that the temperature ot 
the steam given off by boiling water is steadier than that 
of the water. Water, especially if contained in very clean 
glass vessels, often rises above the theoretical boiling point, 
then bursts violently into ebullition, and falls again. 

242. The variations of density, pressure, and tempera- 
ture in aqueous vapour — ^as long as none of it passes into 
the liquid form — ^are connected by the same laws as those 
of a gas; that is to say, its pressure is proportional to its 
density when the temperature is constant, and to the 
absolute temperature when its density is constant The 
density of aqueous vapour at any temperature is '622 (or 
nearly |) of the density of air at the same temperature 
and pressure. For example, at 20° C. the maximum pres- 
sure of vapour is 23190 dynes per sq. cm. The density 
of air at this temperature and pressure is 

•001276 23190 . ^^^ 

— — — -^ X -^T= '00002757. 

I + '00366 X 20 lO" ''^' 

The maximum density of vapour at 20° is the product of 
this by '622, and is therefore '00001715 gm. per cub. cm. 
The mass of vapour in a cubic metre of thoroughly moist 
air at 20® C. is therefore 17*15 gm. 

243. The air in which we live always contains aqueous 
vapour. When the density of this vapour approaches the 
maximum for the existing temperature, we feel a sense of 
oppression, and a slight exertion suffices to throw us into 
a sensible perspiration. On the other hand, when the 
ratio of the actual to the maximum density is unusually 
small, evaporation takes place with excessive rapidity, 
rendering the skin dry and liable to crack or peel oif. 

244. The ratio of the actual to the maximum density 
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of vapour, or, what is the same thing, the ratio of the 
actual to the maximum pressure of vapour is technically 
called the humidity or the relative humidity of the air. 
It is usually expressed as a percentage. For example, 
" humidity 75 per cent." means that the quantity of vapour 
present in a given space is f of the greatest quantity that 
could exist in that space at the actual temperature. 

245. The dew-point is a name used to denote the 
lowest temperature to which the air can be cooled down 
(at constant pressure) without depositing some of its 
vapour in the shape of liquid water. If -a body colder 
than the dew-point be in contact with the air, dew will be 
deposited upon it. 

246. The actual pressure of vapour in the air is equal 
to the maximum pressure at the dew-point; so that, if 
the dew-point be determined by direct obseiylfdfiD, we 
can find the pressure of vapour in the air by 4 table of 
maximum pressures. This observation is usually made 
by employing a thin vessel of polished silver or of black 
glass, which is gradually cooled by means of the evapora- 
tion of ether from its interior, the vapour of the ether 
being conveyed away through a tube, so as not to mingle 
with the air around the vessel. A thermometer stands 
with its bulb in the vessel, and is read off at the moment 
when dew is first observed. The evaporation of the ether is 
then checked, the temperature rises, and the thermometer 
is read again at the moment when dew disappears. The 
mean of the two temperatures thus observed is assumed 
to be the dew-point. The temperature of the air should, 
at the same time, be observed by another thermometer. 

247. When the dew-point is below the freezing-point, 
the deposit upon surfaces colder than the dew-point is not 
liquid water, but ice in the shape of hoar-frost. 

Water or ice loses substance (by evaporation) if its 
temperature be above the dew-point, and gains substance 
(by the deposition of dew or hoar-frost) if its temperature 
be below the dew-point Hence the dew-point may be 
defined as the temperature which water or ice must have 
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that it may neither lose nor gain substance when exposed 
to the air. 

248. Water or ice at the temperature of the dew-point 
tends to rise in temperature, for it is receiving heat from 
the air (which is at a higher temperature) and is not losing 
heat by evaporation. That temperature which water or 
ice can retain unchanged when freely exposed to a cur- 
rent of air is called the temperature of evaporation^ and 
is higher than the dew-point, but not so high as the 
temperature of the air. It is almost as sharply defined 
as the dew-point, but is difficult to observe in calm 
weather. It is commonly observed by means of a ther- 
mometer whose bulb is tied up in muslin fed with water 
by a cotton wick. Another thermometer, at the distance 
of a few inches, is employed to give the temperature of 
the air at the same time. The two thermometers are com- 
monly mounted on a single stand, and the entire instru- 
ment is called the wet-and-dry-btdb hygrometer. When 
the air is very dry (especially if it be also very warm) the 
difference between the readings of the two thermometers 
is great. When the vapour in the air is at maximum 
density the two readings are the same, provided that the 
temperature of the air is steady. 

249. The mass of vapour in a given volume of air can 
be directly measured by the chemical hygrometer (Fig. 
66). V is a vessel called an aspirator^ which at the 
beginning of the experiment is full of water. A B C D E F 
are drying tubes^ that is, glass tubes containing pieces of 
pumice soaked in sulphuric acid, which has a strong 
affinity for water and rapidly abstracts aqueous vapour 
from moist air. A large portion of the water in the aspir- 
ator is allowed to run out through the tap r, and is mea- 
sured. To fill its place, air enters at c and flows through 
the series of dr3ring tubes, depositing nearly all its moisture 
in the first tube F, and the remainder in the two next 
tubes E, D. The other tubes A, B, C are merely intended 
to prevent moisture reaching the first tubes from the 
aspirator. At the conclusion of the experiment the tubes 
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F, E, D are weighed. They were also weighed at the 
banning of the experiment, and the increase observed 
is the weight of the moisture which has been deposited. 
The volume of external air which cont^ned this moisture 




is very nearly equal to the volume of water which has run 
out of the aspirator. The thermometer / gives the tem- 
perature of the aspirator, which must be observed when 
great accuracy is required. It is usually assumed that 
the air in the aspirator, at the conclusion of the experi- 
ment, is charged with vapour at the maximum density for 
this temperature. 

250. Whichever kind of hygrometer be employed, it is 
necessary and sufficient to observe two elements in order 
to obtain a complete determination of the slate of the air 
as regards moisture. For example, if the temperature of 
the air and the dew-point are observed, we can calculate 
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the density and pressure of vapour, the relative humidity, 
and the temperature of evaporation. The two elements 
most commonly observed are the temperature of the air 
and the temperature of evaporation. The dew-point and 
other elements above-mentioned are then inferred, by the 
aid of a book of tables constructed for the purpose. 

251. The deposition of dew or hoar-frost upon grass 
and other bodies in the open air takes place when these 
bodies attain a lower temperature than the dew-point On 
clear nights, bodies at the earth's surface radiate heat to the 
cold regions which lie beyond the atmosphere, and if there 
is little or no wind they thus fall considerably below the 
temperature of the air a few feet above them. Dew is most 
copiously deposited on the best radiators and the worst 
conductors, because these are bodies which attain the 
lowest temperature by nocturnal radiation. A cloudy sky 
checks radiation, and thus hinders the loss of heat Strong 
winds keep up the temperature of the ground by mixing 
up the different strata of air and bringing continually fresh 
portions into contact with the ground. Both these 
agencies accordingly keep up the temperature of the 
ground, and hinder the deposition of dew. 

252. When a large mass of air falls to the dew-point, 
any further loss of heat from it will produce cloud, mist, 
rain, or snow. 

Rain is measured by an instrument called a rain-gauge, 
consisting usually of a funnel-shaped collector leading to 
a suitable holder below. The mouth of the funnel must 
be horizontal, and the depth of rain in any shower is 
assumed to be equal to the volume of water collected in 
the gauge divided by the area of the mouth. The aver- 
age annual rainfall in Great Britain, taking one place with 
another, is about 30 inches. 
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EXAMPLES IN HEAT. 



XXIII. — Scales of Temperature. Arts. 164, 165. 

1. The difference between the temperatures of two 
bodies is 30° F. Express this diflference in degrees Cent, 
and in degrees R^au. 

2. The difference between the temperatures of two 
bodies is 1 2° C. Express this difference in degrees R^au. 
and in degrees Fahr. 

3. The diflference between the temperatures of two 
bodies is 25° R. Express this difference in the Cent and 
Fahr. scales. 

4. Express the temperature 70° F. in the Cent and 
Rdau. scales. 

5. Express the temperature 60° C. in the R^u. and 
Fahr. scales. 

6. Express the temperature 30° R. in the Cent, and 
Fahr. scales. 

7. Air expands by '00366 of its volume at the freezing- 
point of water for each degree Cent By how much does 
it expand for each degree Fahr.? 

8. The temperature of the earth increases by about one 
degree Fahr. for every 50 feet of descent How many 
feet of descent will give an increase of 1° Cent., and how 
many centimetres of descent will give an increase of 
1° Cent, the foot being 30*48 cm.? 

9. The mean annual range of temperature at a certain 
place is 100° F. What is this in degrees Cent.? 

10. Lead melts at 326° C, and in melting absorbs as 
much heat as would raise 5*37 times its mass of water 
1° C. What numbers will take the place of 326 and 
5.37 when the Fahrenheit scale is employed? 
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11. Show that the temperature -40"* C. and the tem- 
perature - 40° F. are identical. 

12. What temperature is exjpressed by the same number 
in the Fahr. and R^au. scales. ? 



XXIV. — Expansion of Solids and Liquids. 

Arts. 166-178. 

The following coefficients of expansion can be used : — 

Linear. Cubical. 



Steel, *oooozi6 

Copper, '0000172 

Brass,.... '0000188 

Glass, '0000080 



Glass, '000024 

Mercuiy, '000179 

Alcohol, '001050 

Ether, '001520 

Sulphiiret of carbon, ... '001140 



TAe Centigrade scale 0/ temperature is employed, 

1. The correct length of a steel chain for land measur- 
ing is 66 ft. Express, as a decimal of an inch, the differ- 
ence between the actual lengths of such a chain at 0° and 

2. One brass yard-measure is correct at 0° and another 
at 20°. Find, as a decimal of an inch, the difference of 
their lengths at the same temperature. 

3. A lump of copper has a volume 258 cc. at o®. Find 
its volume at 100°. 

4. A glass vessel has a capacity of 1000 cc. at 0°. 
What is its capacity at io°? 

5. A weight-thermometer contains 462 gm. of a certain 
liquid at 0° and only 454 gm. at 20**. Find the mean 
relative expansion per degree between these limits. 

6. A weight-thermometer contains 325 gm. of a liquid 
at zero and 5 gm. run out when the temperature is raised 
to 1 2°. Find the mean coefficient of apparent expansion. 

7. If the coefficient of relative expansion of mercury in 
glass be ^^7^, what mass of mercury will overflow from a 
weight-thermometer which contains 650 gm. of mercury 
at 0° when the temperature is raised to 100**? 

8. The capacity of the bulb of a thermometer together 
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with as much of the stem as is below zero is '235 cc. at 
0°, and the section of the tube is s^ujf sq. cm. Compute 
the length of a degree (i), if the fluid be mercury; (2), if 
it be etiher. 

9. The bulb, together with as much of the stem as is 
below the zero-point, contains 3*28 gm. of mercury at 
zero,- and the length of a degree is 'i cm. Compute the 
section of the tube, the density of mercury being about 
13-6. 

10. Show that when ice begins to form on a deep pond 
the great body of the water will be at 4°. 

XXV. — ^Volume, Pressure, and Temperature of 

Gases. Arts. 179-182. 

1. What will be the volume at 300° of a quantity of gas 
which occupies 1000 cc. at 0°, the pressure being the 
same? 

2. What will be the volume at 400° of a quantity of gas 
which occupies 1000 cc. at 100°, the pressure being the 
same? 

3. What will be the pressure at 30® of a quantity of gas 
which at 0° has a pressure of a million dynes per sq. cm., 
the gas being confined in a close vessel whose expansion 
may be neglected? 

4. A thousand cc. of gas at 1*0136 million d3nies per 
sq. cm. are allowed to expand till the pressure becomes a 
million dynes per sq. cm., and the temperature is at the 
same time raised from its initial value 0° to 100°. Find 
the final volume. 

5. A gas initially at volume 4500 cc, temperature 100°, 
and a pressure represented by 75 cm. of mercury, has its 
pressure increased by i cm. of mercury and its temperature* 
raised to 200°. Find its final volume. 

6. At what temperature will the volume of a gas at a 
pressure of a million d)nies per sq. cm. be 1000 cc, if its 
volume at temperature 0° and pressure 1.02 million dynes 
per sq. cm. be 1200 cc? 
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XXVI. — Thermal Capacity. Arts. 183-196. 
The following values of specific heat can be used : — 



Iron, '1098 

Copper '0949 

Platinum, *o33S 

Sand, '215 

Ice, '504 



Mercury, '033 

Alcohol, '548 

Ether, '529 

Air, at constant pressure, '2375 



1. 17 parts by mass of water at 5° are mixed with 
23 parts at 12°. Find the resulting temperature. 

2. 200 gm. of iron at 300° are immersed in 1000 gm. 
of water at 0°. Find the resulting temperature. 

3. 60 gm. of platinum at 500° are immersed in 400 
gm. of mercury at 10°. Find the resulting temperature. 

4. Find the specific heat of a substance 80 gm. of which 
at 100°, when immersed in 200 gm. of water at 10° give 
a resulting temperature of 20°. 

5. 16 parts by mass of sand at 75°, and 20 of iron at 
45° are thrown into 50 of water at 4**. Find the tem- 
perature of the mixture. 

6. 300 gm. of copper at 100° are immersed in 700 gm. 
of alcohol at 0°. Find the resulting temperatmre. 

7. If the length, breadth, and height of a room are 
respectively 6, 5, and 3 metres, how many gramme-degrees 
of heat will be required to raise the temperature of the 
air which fills the room by 20°, the pressure of the air 
being constant, and its average density '00128 gm. per 
cubic centimetre? 

8. Find the thermal capacities of mercury, alcohol, and 
ether per unit volume, their densities being respectively 
13*6, 791, and '716. 

' XXVII. — Latent Heat. Arts. 197-202. 

The following values of latent heat can be used : — 

In Melting. Atmos^SrP^ure. 

Water, 80 I Steam, 536 

Lead, 5*4 | 
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1. Find the result of mixing 5 gm. of snow at 0° with 
23 gm. of water at 20**. 

2. Find the result of mixing 6 parts (by mass) of snow 
at 0° with 7 of water at 50°. 

3. Find the result of mixing 3 parts by mass of snow at 

- 10° with 8 of water at 40°. 

4. Find the result of mixing equal masses of snow at 

- 10° and water at 60°. 

5. Find the temperature obtained by introducing 
10 gm. of steam at 100° into 1000 gm. of water at 0°. 

6. Lead melts at 326°. Its specific heat is '0314 in 
the solid, and '0402 in the liquid state. Find what mass 
of water at o** will be raised one-tenth of a degree by 
dropping into it 100 gm. of melted lead at 350°. 

7. What mass of mercury at 0° will be raised 1° by 
dropping into it 150 gm. of lead at 406°? 

XXVIII. — Thermodynamics. Arts. 203-216. 

One gramme -degree [gm.-deg.] is equivalent to 
42,000,000 ergs. 

The standard horse-power is 75 x 10® ergs per second. 

The combustion of i gm. of carbon produces 8000 
gm.-deg., equivalent to 3*36 x 10" ergs. 

The combustion of i gm. of hydrogen produces 34,000 
gm.-deg., equivalent to 1*43 x 10" ergs. 

1. The labour of a horse is employed for 3 hours in 
raising the temperature of a million grammes of water by 
friction. What elevation of temperature will be produced 
supposing the horse to work at the rate of 6 x 10' ergs per 
second? 

2. From what height (in cm.) must mercury fall at a 
place where g is 980, in order to raise its own temperature 
1° by the destruction of the velocity acquired, supposing 
no other body to receive any of the heat thus generated? 

3. With what velocity (in cm. per sec.) must a leaden 
bullet strike a target that its temperature may be raised 
100° by the collision, supposing all the energy of the 
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motion which is destroyed to be spent in heating the 
bullet? 

4. What is the greatest proportion of the heat received 
by an engine at 200'' that can be converted into mechani- 
cal effect, if the heat which is given out from the engine 
is given out at the temperature 10*? 

5. If a perfect engine gives out heat at o®, at what tem- 
perature must it take in heat that half the heat received 
may be converted? 

6. What mass of carbon burned per hour would pro- 
duce the same quantity of heat as the work of one horse 
for the same time, a horse-power being taken as 75 x 10* 
ergs per second? 

7. A specimen of good coal contains 88 per cent, of 
carbon and 4J per cent, of hydrogen not already com- 
bined with oxygen. How many gramme-degrees of heat 
are generated by the combustion of i gm. of this coal ; 
and with what velocity must a gramme of matter move 
that the energy of its motion may be equal to the energy 
developed by the combustion of the said gramme of 
coal? 

XXIX. — Conduction. Arts. 2 1 7-2 2 1. 

{Units the cenHmeire^ gramme^ and seconds") 

1. How many gramme-degrees of heat will be conducted 
in an hour through each sq. cm. of an iron plate *o2 cm. 
thick, its two sides being kept at the respective tempera- 
tures 225** and 275°, and the mean conductivity of the 
iron between these temperatures being '12? 

2. Through what thickness of copper would the same 
amount of heat flow as through the '02 cm. of iron in the 
preceding question, with the same temperatures of its two 
faces, the mean conductivity of the copper between these 
temperatures being unity? 

3. How much heat will be conducted in an hour 
through each sq. cm. of a plate of ice 2 cm. thick, one 
side of the ice being at 0° and the other at - 3°; and what 
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volume of water at o** would be converted into ice at o® 
by the loss of this quantity of heat? 

4. How much heat will escape in an hour from the 
walls of a building, if their area be 80 sq. metres, their 
thickness 20 cm., their material sandstone of conductivity 
•01, and the difference of temperature between outside and 
inside 15®? What quantity of carbon burned per hour 
would generate heat equal to this loss? 



ANSWERS TO EXAMPLES IN HEAT. 

XXIII.—Ex. I. i6°| C, I3°i R. Ex. 2. 9°f C, 2i°| F. 
Ex. 3. 3i*J C, 56°i F. Ex. 4. 2i°i C, le^'l R. Ex. 5. 
48° R., 140° F. Ex. 6. 37°i C, 99**^ F. Ex. 7. -00203. 
Ex. 8. 90 ft., 2743 cm. Ex. 9. 55°$ C. Ex. 10. 619°, 9*666. 
Ex. 12. -25*6. 

XXIV. — Ex. I. -184 in, Ex. 2. '0135 in. Ex. 3. 259*33 
CO. Ex. 4. 1000*24 CO. Ex. 5. '000881. Ex. 6. *ooi302. 
Ex. 7. V^-9'8s gm. Ex. 8. (i) '084 cm., (2) *7i4 cm. 
Ex. 9. '000432 sq. cm. 

XXV. — Ex. I. 2098 CO. Ex. 2. 1804 CO. Ex. 3. i'ioo8 
million. Ex.4. 1385 cc. Ex. 5. 5631 cc. Ex. 6. -50 . 

XXVI.—Ex. I. 9'*02. Ex. 2. 6**44. Ex. 3. 74"*8. Ex. 
4. A=*3i25. Ex. 5. 63**3. Ex. 6. 6°*9i. Ex. 7. 547200. 
Ex. 8. -449, -433, -379. 

XXVII. — Ex. I. Water at 2**f. Ex. 2. if part snow, ii| 
water, all at zero. Ex. 3. Water at 5*'9. Ex.4. *3 13 snow, 
1*687 water, all at zero. Ex. 5. Water at 6®*3. Ex. 6. 
16600 gm. nearly. Ex. 7. 84400 gm. nearly. 

XXVIII. — Ex. I. i°*54. Ex.2. 1414 cm. Ex.3. 16240 
cm. per sec. Ex. 4. {^ - '4 nearly. Ex. 5. 273*. Ex. 6. 
80*36 gm. Ex. 7. 8570 gm.-deg., 848400 cm. per sec. nearly. 

XXIX. — Ex. I. 1080000. Ex. 2. J cm. « •1666 cm. Ex. 
3. 11*88 gm.-deg., '149 cc, Ex. 4. 21600000 gm.-deg., 
2700 gm. 
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253. Rays of light, as long as they proceed in a uniform 
medium, are straight. 

When rays travelling through air fall upon the surface 
of a sheet of glass they are broken up into three parts. 
One part enters the glass, another part is reflected in such 
a manner as to produce images similar to those seen in a 
looking-glass, and a third portion, which is extremely 
small if the glass is well polished, is scattered in all direc- 
tions. It is by this last portion that the surface of the 
glass is rendered visible. 

When the incident rays are nearly normal most of the 
light enters the glass. When they are nearly parallel to 
the surface of the glass most of the light is reflected. 

When light falls upon a bright surface of silver, quick- 
silver, or speculum metal, most of it is reflected, whatever 
be the direction of incidence. 

We shall first discuss the laws of reflection. 

REFLECTION. 

254. The point at which a ray falls upon a surface is 
called ^^ paint of incidence^ and the ray is said to be inci- 
dent on the surface at this point 

The angle which the incident ray makes with the 
normal at the point of incidence is called the angle of 
incidence^ and the angle which the reflected ray makes 
with the normal is called the angle of reflection. The 
fundamental law of reflection is that the normal at the 
point of incidence bisects the angle between the incident and 
the reflected ray. In other words, the angle of r^Uctian is 
equcU to the angle of incidence and in the same plane with it 
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Fig. 67. 
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255. This law leads at once to the explanation of the 
formation of images by a plane mirror. 

Let S, Fig. 67, be a small object in front of the mirror. 
Draw S K normal to the 
mirror, and produce, 
making K S' = S K. 
Then all rays from S 
to the mirror will be 
reflected in lines which, 
if produced backwards, 
pass through S'. For 
if I be the point of in- 
cidence of one of these 
rays it is easily shown 
by comparing the right- 
angled triangles SKI, 
S' K I that the angles 
KSIjKS'IareequaL 
But if I N be the nor- 
mal at I, and S' I be produced to O, the angle of inci- 
dence S I N is equal to the alternate angle K S I, and the 
angle N I O is equal to S S' I. Therefore the normal 
bisects the angle between S I and I O, and I O must be 
the direction of the reflected ray. The appearance pre- 
sented to an eye receiving the reflected rays is consequently 
the same as if they came from a real object at S'. 

The point S' is called the image of the point S with 
respect to the mirror, and the two points considered as a 
pair are called conjugate foci with respect to the mirror. 
Conjugate foci with respect to a plane mirror lie at equal 
distances on of^osite sides of the reflecting surface, and 
on the same normal. 

Rays diverging from S are reflected from the mirror as 
if they came from S'. Rays converging to S' from the 
region in front of the mirror are reflected to meet in S. 

256. The image of an object of finite size is the aggre- 
gate of the images of its several points; thus A' B', Fig. 
68, is the image of A B. The figure shows the construe- 
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tion for finding the two points A', B\ and also contains a 
representation of the pencils (that is, cones or conical 

bundles) of rays 
^^^ which enter the 

pupil of an ob- 
server's eye at O, 
and convey to it 
the impression oi 
images at A' and 
B'. 

In order that a 
mirror may form 
an image of an 
object, it is not 
necessary that the 
object should be 
directly in front of 
the mirror. Thus 
if O (Fig. 69) be 
an object in front 
of the plane of the mirror A B, but not in front of 
the mirror itself, its image I is found by dropping a per- 
pendicular from O on Ae plane 
of the mirror, and then pro- 
ducing to a point at the same 
distance on the other side of 
the plane. 

In order that an observer may 
be able to see the image of an 
object in a mirror, some part of 
the mirror must be between his 
eye and the image. Thus if 
A B (Figs. 70, 71) be a plane 
mirror, O an object, and I its 
image, the image will be visible to an eye situated any- 
where within the space P A B Q. 

257. Images of Images. — When rays which have 
been reflected from one mirror fall upon a second, a 
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second image is formed which is the image of the first 
image. 

Thus, if we have two plane mirrors A A, B B (fig. 72) 
facing each other, and an object O situated between their 



Fig. 70. 



Fig, 71. 
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planes, an image of O will be formed by the mirror A A 
at I, and an image of this image will be formed by the 
mirror B B at J, as far behind the plane of B B as I is in 
front of it. This second image will be visible to an eye 
at E, the rays which form 
it having taken the course ^* 7*« 

O A B E. In drawing a fig- 
ure to represent this course, 
we must first find the posi- 
tions of the two images, then 
rule a line from the obser- 
ver's eye to the second image, 

then from the point where this line cuts the second mirror 
rule a line to the first image, and finally from the point 
where this line cuts the first mirror rule a line to the 
object. 

In the circumstances here supposed, a great multitude 
of images will in reality be formed. An image of the 
second image will be formed by the mirror A A, an image 
of this third image by B B, and so on indefinitely. More- 
over, a direct image of O will be formed by B B, an image 
of -this image will be formed by A A, and so on. Upon 

10 
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the whole there will be two images formed by first reflec- 
tions, two by second reflections, two by third reflections, 
and so on without end if the mirrors be accurately parallel, 
all the images being ranged in one straight line normal to 
the mirrors and passing through O. As, however, the 
reflected light is always less in quantity than the incident 
light, the first images will be less bright than the object, 
the second images less bright than the first, and each 
order of images less bright than its predecessor. There 
is thus a practical limit to the number of images which 
can be seen. 

258. Shape of Images formed by Plane Mir- 
rors. — An image formed by a single reflection from a 
plane mirror bears the same relation of shape to the object 
which a left hand bears to a right hand. This reversal of 
shape is itself reversed when a second reflection occurs, 
so that the second image is similar to the object itself. 

259. Mirrors at Right Angles. — Let A£, AC 
(Fig. 73) be two plane mirrors facing inwards at right 

angles to each other, and O 
*'^* an object within the angle 

n '^ between them. The mirror 

A B gives an image of O at 

,,.••'' P. The mirror A C gives 

,,'•''' -B an image of O at Q. Also, 

..9*''' the mirror AB gives an image 

^ of Q at R, and the mirror 

A B AC gives an image of P at 

.'''' . . the same point R. 

The images P and Q are 
seen by means of light which has been once reflected. 
The image R is seen by means of light which has been 
twice reflected. If the observer's eye is situated at E 
within the angle O A B, the rays by which R is seen are 
reflected first from A C and then from A B. If the eye is 
at F within the angle O A C, the opposite order holds. 

260. Mirrors inclined at 60°.— The series of suc- 
cessive images formed by two plane mirrors are alwa3rs 
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situated on the circumference of a circle whose centre lies 
at the intersection of the planes of the mirrors. If die 
angle between the miirors is an aliquot part of 360°, the 
last image (which is formed by one more reflection than 
any of the others) consists of two coincident images, as 
has already been shown to be the case when the angle is 
a right angle. 

If, for example, the angle ACB (Fig, 74) between 
the mirrors be 60°, there will be two images formed by 
first reflections, and these will lie in the sectors (each 
of 60°) BCA', ACB', 
which are adjacent to 
the sector contained by | 
the mirrors; there will 
be two images formed I 
by second reflections, 
and these will lie in 
the sectors adjacent to 
those which contain the | 
first images, namely, i 
A' C B*, B' C A". Fin- I 
ally, by third reflections 
two coincident images 
will be formed in the re- 
maining sector A' C B'; 
and as this image is 
behind the planes of both mirrors it yields no fourth 
reflection. 

Two mirrors attached together at an angle which is a 
submultiple of 360° are sometimes used by designers for 
obtaining symmetrical patterns, and a very beantiful 
optical toy c^led the kaleidoscope was constructed on the 
same principle by Sir David Brewster. 

261. Artificial Horizon.— The angular distance 
between a star and its image as seen by reflection from a 
horizontal surface of mercury is double of the altitude of 
the star. For if A B (Fig. 75) be a ray from the star 
incident on the mercury, and B L' the reflected ray, these 




rays make equal angles with the vertical line B F, and are 
therefore equally inclined to a. horizontal plane. By 




reason of tlie enormous distance of the star, the incident 
ray A B may be regarded as parallel to a ray from the star 
to the observer's eye. 

This method of observation is much used in astronomy, 
and the dish of mercury which is employed is called an 
artifidai korisott. 

362. Deviation Produced by Rotating a Mir- 
ror, — A ray 'normally incident on a mirror is reflected 
back upon itself. If we now 
rotate the mirror through 
any acute angle round an 
axis in its own plane, the 
! normal will make an angle 
with the same incident ray. 
Hence the reflected ray will 
make an angle 2 6 with the 
incident ray instead of co- 
inciding with it. When a mir- 
ror is rotated round any axis 
perpendicular to a given incident ray, the reflected ray is 
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turned through double the angle of rotation. In the 
annexed figure (Fig. 76) IC is the given incident ray, 
A B the position of the mirror when this ray is normal, 
A' B' the position of the mirror when turned through an 
angle 6; C N is the normal to the mirror in this position 
and C R the reflected ray. Each of the angles I C N, 
N C R, is equal to 8. 

263. When a ray is reflected first from one and then 
from the other of two parallel mirrors, its initial and final 
courses are parallel. If, now, the second mirror be 
rotated in the plane of reflection, the final direction of the 
ray will be changed by double the angle of rotation. 
This result may dso be stated in the following form: — 
When a ray is twice reflected, in such a manner that its 
whole course lies in one plane, the angle between its 
initial and final directions is double of the angle between 
the mirrors. 

This is the principle of the sextant, an instrument of 
immense use in navigation. 

REFRACTION. 

264. When a ray in air falls normally upon the surface of 
a piece of glass or a sheet of water, it continues its course 
in the same straight line in the second medium. When, 
on the other hand, it is incident obliquely, it bends at an 
angle, its course in the water or glass being more nearly nor- 
mal than its course in air. A ray coming from water or glass 
into air likewise bends at an angle, tiie bending in this 
case being away firom the normal instead of towards it. 
In both cases the angle made with the normal is smaller 
in the denser than in the rarer medium, and the same 
bent line represents the course of the ray taken from 
either end. The bending of a ray which occurs when it 
passes out of one medium into another is called refraction^ 
and the acute angles which the incident and the refracted 
ray make with the normal at the point of incidence are 
called the angles of incidence and refraction respectively. 
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These two angles lie in the same plane, and their difference 
— ^being the measure of the amount of bending — ^is called 
the deviation. The angles of incidence and refraction 
increase together, and the deviation increases with them. 

265. The following construction gives the course of a 
ray in passing from air into water. 

Let B A (Fig. 77) be the sec- 
Kjf. Th tion of the surface of the water 

made by the plane of incidence, 
and let C O be the incident ray. 
Lay ofif O A equal to 4 and 
O B to 3 equal parts, and draw 
the perpendiculars AC, B D, 
the former meeting the inci- 
dent ray in any point C. In the 
perpendicular B D (regarded 
as of indefinite length) find a 
point D such that O D = O C. 
Then O D will be the refracted 
ray. — The ratio of O A to O B in this construction is called 
the index of refraction. Its value is almost exactly ^ for 
rays passing out of air into water, and is about \ for rays 
passing out of air into the less dense kinds of glass. For 
rays passing out of water into such glass it will be the 
quotient of f by ^, that is f, and it is always possible to 
calculate in this way the index out of one medium into a 
second, when the index out of some third medium into 
each of the two is given. (See arts. 272, 273.) 

When the order of the two media is reversed the index 
is also reversed; thus, the index from water into air is f, 
from glass (of the kind above mentioned) into air f , and 
from diis glass into water |. 

266. The following is another construction leading to 
precisely the same result as that above given : — 

If the ray in air is given, lay off upon it 4 equal parts 
A B, B C, C D, D E (Fig. 78), starting from the point of 
incidence A. Through D draw a normal N D F, and on 
it find a point F whose distance from A is equal to A E. 
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Fig. 78. 




Then F A produced will be the path of the ray in the 
water. 

If the ray in water is given (Fig. 78), lay off upon its 
production in air 4 equaJ parts, 
and drop a normal F N from the 
extremity of the 4th part Upon 
F N find a point D such that A D 
shall be equal to 3 of these parts. 
A D will be the path of the ray 
in air. 

LIMITING ANGLE OF REFRACTION. 

267. Limit of the Fore- 
going Constructions. — The 
construction given in the preced- 
ing article becomes impossible when A N is greater than 
A D, in other words when A N is greater than f of A F. 

If we draw a normal N F and make A F equal to ^ ot 
A N, we obtain a limiting direction F A, such that rays in 
water which are more nearly normal than FA will be 
refracted into air according to the above construction, 
whereas those which are more nearly parallel to the sur- 
face will follow a different law. These latter, in fact, are 
not refracted into air at all, but are reflected back into 
water just as if the surface of the water were a mirror. 

We are led to the same limiting angle by the construc- 
tion of art. 265, for that construction ceases to be possible 
when the point C coincides with A, in which case O D 
being equal to O A is ^ of O R 

The angle which the ray in water in the limiting posi- 
tion makes with the normal is called the critical angle. 
As the ray in air moves from the normal to the tangential 
direction, the ray in water moves from the normal to the 
critical direction. 

268. The ratio 77; in art. 266 is called the sine of the 
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angle A D N, and the ratio ^^ in art 265 is called the 
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sine of the angle O D B. Hence the sine of the critical 
angle is equal to the index of refraction from the denser 
to the rarer medium, which in the case of water and 
air is f . 

The general law of refraction may be stated in the fol* 
lowing words : the ratio of the sine of the angle of incidma 
to the sine of the angle of refraction is constant when the 
two media are given, and is called the index of refraction 
from the first medium to the second. This law is usually 
referred to as the law of sines, 

269. The corresponding variations of position of the 

incident and refracted 
F«- 79. y^ rays are best exhibited 

to the eye by Sir 
George Airy's appar- 
atus (Fig. 79), which 
can be used either as 
a moving diagram or 
as a means of experi- 
mentally verifying the 
law. 

B' is a slider travel- 
Hng up and'down a 
vertical stem. A C 
and B C are two rods 
pivoted on a fixed point 
B of the vertical stem. 
C B' and C B' are two 
other rods jointed to 
the former at Q! and C, 
and pivoted at their lower ends on the centre of the 
slider. B C is equal to B' C, and B C to B' C. Hence 
the two triangles B C B', B' C B, are equal to one another 
in all positions of the slider, their common side BB' 
being variable, while the other two sides of each remain 
unchanged in length though altered in position. The 

B C B' C 

ratio ^^, or ^7-^ is. made equal to the index of refraction 
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of the liquid in whidh the observation is to be made. 
For water, this ratio will be |. Then if the apparatus is 
surrounded with water up to the level of B, A B C will be 
the path of a ray, and a stud at C will appear in the same 
line with studs at A and B. 

270. The reflection of rays which are beyond the 
critical angle can be observed by putting a spoon into a 
glass of water and holding it above the level of the eye. 
That part of the spoon which is below the surface will be 
seen reflected in the surface as in a highly polished mirror. 
Indeed, the reflection of rays which are beyond the critical 
angle is the most complete kind of reflection known, ex- 
ceeding that of the best metallic mirrors. It is almost 
absolutely total, and is often distinguished by the name of 
total reflection^ or total internal reflection. 



SUCCESSIVE REFRACTIONS. 



Fig. 8a 




271. Refraction through a Plate. — ^A piece of 
glass or other transparent 
material, with two parallel 
faces, is called a plate. 
A ray is bent nearer to 
the normal in entering a 
plate from air, but is bent 
away from the normal 
again in emerging into 
air at the opposite face, 
and its course after leav- 
ing the plate is parallel 
to its course before enter- 
ing it. For if S I R S' 
(Fig. 80) be the path of 
thj* ray, the angle of re- 
fraction at I is equal to the angle of incidence at R, and 
therefore the angle of incidence at I is equal to the angle 
of refraction at R. 

272. When two or more plates are superimposed, the 
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Fig. 81. 




course of a ray in traversing the system is such that the 
part of the ray within each plate is parallel to what it 
would have been if the ray had been allowed to enter this 

plate direct from air. Thus, if 
G G (Fig. 81) be a plate of 
glass, a ray A C incident upon 
its upper face in air will take 
such a course as A C D £, D £ 
being parallel to A C. If the 
glass be covered with a plate of 
water W W, the path of the* ray 
will be changed to ABC'D'E', 
CD' being parallel to C D, and 
therefore D' E' to D E or A B. 
These conclusions can be de- 
duced from the rule above 
given (art. 265) for calculating 
the index of refraction from water into glass; or con- 
versely from the observed fact that the course of a ray 
before incidence on a system of superimposed plates is 
parallel to its course after emergence, the rule for calcu- 
lation can be estabhshed. 

273. Thus if we have two superimposed plates, and if 
the index of refraction from air into the first is /«,, and 
from air into the second is /u^, let a be the angle which a 
ray before incidence and after emergence makes with the 
common normal, and a^, a^, the angles which the parts of 
it in the first and second plates respectively make with 
the normal Then denoting the sines of these angles by 
the usual notation, sin a, sin a,, sin a,, we have by the law 
of refraction, at the first surface, 

Sin a = fij sin a^. 

In like manner we have by the law of refraction at the 
last surface, 

Sin a = /LI, sin a,. 
Hence we deduce 

^. sin a, = ^, sin a„ or ^ = ^; 
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that is, the index of refraction out of the first plate into 
the second is — . 

274. Refraction through a Prism. — K prism in 
optics means a transparent body having two plane faces 
not parallel to one another. It would more aptly be 
called a wedge. A ray entering at one of these faces and 
emerging at the other is changed in direction, being 
deflected towards the thick end of the wedge. A plane 
perpendicular to the edge in which the two faces meet, or 
would meet if produced, is called a principal plane, and 
discussions regarding refraction through prisms are usually 
confined to rays lying in principal planes. This limitation 
is to be understood in all that follows. 

The angle formed by the meeting of the two faces, or by 
the meeting of their planes produced, is called the refract- 
ing angle of the prism, or simply the angle of the prism. 

275. The following construction, which is based on 
art. 266, gives the course of a ray refiracted through a 
prism. We shall assume the index of refraction to be f , 
but the construction is easily adapted to any other index. 

Let FEF' (Fig. 82) be the refracting angle. Draw 
£ B parallel to the ray in 

the prism, and make its \ip Tig. «a. 

lengdi equal to 3 parts 
of any convenient scale. 
Drop normals B N, B N', 
on the two faces or their 
planes produced, and find 
points A, A' upon them 
such that £ A and £ A' are 
equal to 2 parts. Then 
A E and A' £ are parallel 
to the two rays in air, and 
the whole course of the 
ray, — as abl/a\ — can be 

traced by making its three portions parallel to A E, B £, 
and A' E respectively. 
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276. We have here started by assuming a particular 
direction for the ray in the prism. If we assume a par- 
ticular direction for the incident ray, we must first draw 
E A, then the normal N A produced indefinitely beyond 
A, then find B, and complete the construction as above. 

277. Whatever the index of refraction may be from the 

external medium into the 
prism, we are to make the 
ratio of BE to A E or 
A' E equal to this index, 
which we will denote by /i. 
EAN and EA'N'are 
the angles which the two 
rays in air make with the 
respective normals. 

EBN and EBN' are 

the angles which the ray 

in the prism makes with 

the first and second nor- 

mal respectively. 

B E A and B E A' are the deviations at the first and 

second refractions respectively; both these deviations 

being towards the thick part of the prism in the case 

represented in the figure. 

AEA' is the total deviation; and 
NBN' being the angle between the two normals is 
equal to the angle of the prism. 

278. Minimum Deviation. — It can be shown that 
the deviation is least when the ray in the prism makes 
equal angles with the faces, in which case the whole 
course of the ray is symmetrical, that is, we shall have 




angle EAN 
angle EBN 
angle BE A 



EA'N', 
EBN', 
BE A'; 



whence it follows that 

angle EBN = i ABA', 
angle EAN = i AB A' + J AEA'; 
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or, denoting the angle of the prism by a, and the total 
deviation by i, 

EBN=Ja 

EAN = |(a + a), 

and the index of refraction, being ^-§^, is given by the 
formula 

smJ(*i+>) 

when a and 3 have been found by direct observation. 
This is the commonest way of determining the index of 
refraction of a substance. 

279. Prism of Small Angle. — Another important 
case is that in which the angle of the prism is small. In 
this case, unless the course of the ray departs excessively 
from symmetry, both the angles EBN, EBN' will be 
small, and in the triangle BAE the side BE will be 
nearly equal to the sum of B A and A E. But B E equals 
/ti.AE; therefore BA = (/a~i) AE nearly. Also the 
angles ABA', AEA' will be approximately in the inverse 
ratio of B A and A E. CaUing these angles, as before, 
o and B, we have therefore approximately B = {fi-i) a, 
that is, the deviation produced by a prism of snmll angle 
is approximately equal to /li - 1 times the angle of the 
prism, provided that the course of the ray is not exces- 
sively unsymmetrical. 

FORMATION OF IMAGES. 

280. Image of a Point by Refraction at a 
Plane Surface. — A small object under water, as seen 
by an observer in air, appears in a position different from 
that which it really occupies; and its apparent position 
varies with the position of the observer. We shall con- 
fine our calculations to the case in which the observer's 
eye is directly opposite to the object, — ^that is to say, the 
case in which the eye and the object are on the same 
normal to the refracting surface. The image seen in this 
case is called the geometrical image. 
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Let O (Fig. 83) be the position of the object, O A the 
normal, O B C the path of a nearly normal ray, and let 
£ C, the part of this ray in air, be produced to meet the 
normal in I. Then, since the index of refraction out 

B I 

of water into air is f , we have (art 266) g-Q = f . But, as 

B moves up to A, I B and I A become equal, as also do 

/c OB and O A. Hence if we take 

''«• 83. / upon A O a point I such that 

AI = f AO, 

I will be the position of the geo- 
metrical image. It is the point in 
which the normal is cut by such 
rays as B C produced, when the 
angle AOB is very small. The 
pupil of the eye is not a mere 
point; it receives a small pencil of 
rays, and all the rays by which the 
point O is seen would, if produced 

backwards, cut each other almost 

' ^^-=. precisely in the point I thus found, 

the pupil being supposed to be so situated that all these 
rays are nearly normal to the surface of the water. 

As the eye moves away from the normal the image 
approaches nearer to the surface, but so long as the eye is 
near the normal this movement of the image is exceed- 
ingly slow. If the eye is moved with uniform velocity 
from one side of the normal to the other (in one straight 
line) the image moves with a velocity continually diminish- 
ing till the normal is reached, becoming zero at the 
normal, and then again gradually increasing. This is a 
general property of geometrical images, whether formed 
by refraction or reflection, a geometrical image being 
defined as one which is formed by normal and nearly 
normal rays.^ 

^ The case of images formed by reflection at plane surfaces (art. 2^5), 
the image in this case being unaffected by movement of the eye, is alto- 
gether special and exceptional. 
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281. The points O and I are called conjugate foci. 
A small pencil of nearly normal rays diverging from O 
emerges as if it came from I, and a small pencil of nearly 
normal rays converging in air towards I will be refracted 
to meet in O. 

The preceding investigation can be adapted to rays 
refracted from any medium into another through a plane 
surface. A small pencil of nearly normal rays from a 
point in the first medium will emerge into the second as 
if they came from a point I in the first, and this point I 
lies on the normal through O, at a distance /u. A O from 
the surface, that is, we have 

AI = /«.AO, 

A being the point where the normal meets the surface, 
and fi the index of refraction from the first medium into 
the second. Thus, if the object be in air, and the other 
medium be water, the distance of the image from the sur- 
face will be ^ of the distance of the object 

REFLECTION FROM SPHERICAL SURFACES. 

282. By a spherical mirror is meant a mirror whose 
reflecting surface is a portion of the surface of a sphere. 
The radius of the sphere is called the radius of curvature 
of the mirror, and the centre of the sphere is called the 
cer^e of curvature. If the outline of the mirror is circular, 
that point of the reflecting surface which is equidistant 
from all points of the circumference is called the centre of 
the mirror, 

283. Let R I (Fig. 84) be a ray incident upon the 
concave spherical mirror MN. Draw the radius CI. 
Then the angles of incidence and reflection, marked 
/ and r in the figure, are equal; and if C O be a radius 
of the mirror drawn parallel to the incident ray, and meet- 
ing the reflected ray in F, the angle O C I is equal to the 
angle of incidence. Therefore, in the triangle F I C we 
have the angles F I C and F C I equal, and the side F I 
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equal to the side FC. But, when the arc OI is small 
compared with the radius, I F is sensibly equal to OF; 
in this case, therefore, O F is sensibly equal to F C, that 
is, the reflected ray very neariy bisects the radius parallel 
to the incident ray. 
If is the centre of the mirror, the radius O C indefi- 




nitely produced is called the principal axis of the mirror, 
and the limiting position of the point F, that is to say, 
the point midway between O and C, is called the principal 
focus. In general the principal focus of any mirror or 

rig.85. 




lens is the focus for rays parallel to the aids. The dis- 
tance of the principal focus firom the mirror or lens is 
called "dx^ focal length. 
284. When the arcs O M, O N are not small in com- 



parison with the radius, the rays reflected bom the outer 
portions of the miiror will fell sensibly short of the middle 
point of O C, which is denoted by F in Fig. 85. If the 
point of incidence be supposed to travel with uniform 
velocity along the arc M from M to N, the intersection 
of the reflected ray with O C will move towards F with 
velocity gradually diminishing to zero. 

All the reflected rays in the plane of the figure touch a 
certain curve, shown in the figure, called a caustic. The 
focus F is the point at whidi the two branches of this 
curve meet, and is therefore said to be at the cusp of the 
caustic. 

The angle subtended at the centre of curvature by the 
whole arc M O N is called the angular aperture of the 




mirror. In elementary optics it is usual to suppose the 
angular aperture of a spherical mirror to be small, and to 
regard all the reflected rays as accurately meeting in the 
principal focus (Fig, 86) when the incident rays are 
parallel to the princij^l axis. 

385. Convex Mirror.— In like manner it can be 
shown that a ray R I (Fig. 87) incident upon a convex 
spherical mirror M N parallel to one of its radii O C will, 
if the arc OI is small compared with the radius, be 
reflected in a direction I S, which, if produced backwards, 
passes through a point F sensibly coincident with the 



middle point of O C. If O is the centre of the minor, 
the middle point of C is still called the priHdpai foeus. 




and is smd to be a virtual focus, because it is not the 
reflected rays themselves but only their imaginaiy produc- 
tions that meet in it. 

286. Image of the' Sun formed by Concave 
Mirror. — When the axis of a concave spherical mirror 
is directed towards the sun, an image of the sun is foimed 
midway between the mirror and the centre of curvature. 
Any given point of the sun's disc sends parallel rays to 
all parts of the mirror, and these are reflected to a point 
which is the image of that particular point of the sun's 
disc; the aggregate of all these images makes up the 
image of the sun. They all lie on a spherical sur&cc 
described about the centre of curvature, with a radius 
half that of the mirror, and the line joining any point of 
the sun to its own image passes through the centre of 
curvature. From this last property it follows that the 
diameters of the sun and of its image subtend equal 
angles at the centre of curvature. The magnitude of this 
angle is about half a degree. 

As all the rays of the sun reflected by the mirror are 
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collected into the area occupied by the im^;e, the heating 
effect at the focus is very intense when the mirror is large 




compared with the image. Hence the name foots, liter- 
ally meaning hearth or fireplace. 

387. Conjugate Foci of Concave Mirror. — 
Let rays fall upon a concave mirror (Fig. 88) from a 
point F at a distance from the mirror greater than the 




radius of curvature. Draw the line P C O through the 
centre of curvature C to meet the minor in O. Then 
any incident ray P I will be reflected so as to make the 
angle of reflection r equal to the angle of incidence i, and 
it can be shown that if the angular aperture be smaU, all 
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the reflected rays will meet sensibly in one point P' (Fig. 
S9). It can also be shown that 

OP^OP' OF» 

F being the middle point of O C. 

Conversely, rays incident upon the mirror from P' will 
sensibly meet after reflection in the point P. Hence P 
and P' are called conjugate foci, each of these points 
being the image of the other. As P moves away to an 
unlimited distance, P' moves to F; and as P moves to C, 
P' moves to meet it in C. 

288. Construction for Conjugate Foci. — Let 
A B (Fig. 90) be an object at a distance from the mirror 

greater than the ra- 
^^^' 9<*' dius of curvature, and 

let C be the centre of 
curvature. Then we 
know that the inci- 
dent ray A C H will 
be reflected back 
upon itself, because it 
is incident normally. 
Hence the image of the point A must lie somewhere on 
the line A C H. 

If A I be any other ray from A to the mirror, and C O 
be a radius drawn parallel to A I, we know that the 
reflected ray must pass through F, the middle point of 
C O. The point A' in which this reflected ray meets the 
line A C H must be the image of A. 

A verification will be obtained by drawing a line from 
A through F to meet the mirror. We know that all rays 
from F to the mirror will be reflected parallel to F C. It 
will be found that the reflected ray so drawn passes 
through the point A' found as above. 

If the object A B be an arc of a circle described about 
C as centre, its image will be an arc of a circle also 
described about C, and the two arcs will subtend equal 
angles at C. 
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If the object A B be a straight line short compared 
with the radius of curvature and perpendicular to the 
radius OC produced, its image A'B' will be sensibly 
straight and will also be perpendicular to O C. Hence, 
when the point A' (the image of A) has been found as 
above, B', the image of B, can be found by drawing B C 
and producing it to meet a line drawn through A' per- 
pendicular to O C. 

289. Construction for Virtual Image. — If the 
object A B be between the principal focus and the mirror 
M N (Fig. 91) the incident ray A I parallel to any radius 
CO will be reflected 

to F, the middle "--^^,A' ^«-9x. 

point of CO, also 
the ray AN inci- 
dent in the direction 
of the radius C A 
will be reflected 
back upon itself; 
hence A', the image 
of A, will be at the 

intersection of the lines C A and F I produced. It will 
be behind the mirror, and the image will be virtual. 

Conversely, rays converging to A' from the region in 
front of the mirror will, after reflection from the mirror, 
meet in A. 

ago. Comparison of the Two Cases. — Com- 
paring Figs. 90 and 91 we have the following results: — 

Case I. One of two conjugate foci is between the prin- 
cipal focus and the centre of curvature, and the other is 
beyond the centre of curvature. 

Case 2. One is between the principal focus and the 
mirror, and the other is behind the mirror. 

In the first case, since the lines AA', BB' cross one 
another between the object and the image, the image is 
inverted. In the second case the lines A A', B B' do not 
cross each other between the object and the image, and 
the image is erect. 
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In both cases, since the triangle C A B is similar to the 
triangle CA'B', the linear dimensions of object and 
image are directly as their distances from C> the centre 
of curvature. 

It can be shown that the distances of conjugate foci from 
the centre of curvature are directly as their distances from 
the mirror itself. 

When the object is near to C or to O the image is 
approximately equal to it in size. When the object is 
near to F the image is very large and very distant. 

291. Real and Virtual Images. — In the first case 
the image is realy that is to say, it is formed by ra3rs 
which actually arrive at it In the second (the object 
being in front of the mirror and the image behind the 
mirror), the rays by which the image is seen have not 
actually come from the place where the image appears to 
be, but the rays by which any point of the image is seen 
would meet in that point if produced backwards. This is 
the characteristic of a virtual image. The images seen in 
an ordinary looking-glass are virtual. The names real and 
virtual are also applied to foci; thus in case i of last 
article both foci are real, in case 2 one is real and the 
other virtual. 

292. Real Image thrown on Screen. — ^Let P 
and P' (Fig. 92) be conjugate foci, both real, with 
respect to the concave mirror M N. Then if a candle- 
flame be placed at P and a small screen held at P', as 
represented in the figure, an inverted image of the flame 
will be visible on the screen. Conversely if the candle- 
flame be at P' its inverted image will be thrown upon a 
screen held at P. An image capable of being thrown on 
a screen is necessarily a real image, but real images are 
not always sufiiciently bright to be rendered visible in 
this way. Without a screen, an observer will see a real 
image in mid-air, if he places himself in such a position 
that the image is between his eye and some part of 
the mirror, and is at a suitable distance for distinct 
vision. 
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293. Reflecting Telescopes. Herschelian. — 

In all reflecting telescopes the rays from the object fall in 
the first instance upon a large concave mirror, technically 



Fig. 99. 




called a speculum. In the Herschelian telescope there is 
no second mirror; the observer simply views the image 
through a lens or combination of lenses called an eye- 
piece, and it is necessary that the eye, the image, and 
some part of the mirror should be in one straight line. 
If the axis of the mirror were directed towards the object, 
it would be necessary for the observer's eye to be also on 
the axis, and his head would obstruct the rays on their 
way to the mirror. To avoid this difficulty the mirror 
must be set somewhat obliquely, a circumstance which is 
very unfavourable to good definition, and this form of 
telescope is therefore very little used. 

294. Newtonian Telescope. — In the Newtonian 
telescope (Fig. 93) a small plane mirror mn\^ interposed 
at an angle of 45*' to the common axis of the tube and the 



large speculum M N in such a position as to intercept the 
reflected rays on their way to fonn the first image A, B,, 




and reflect them to one side, where they accordingly form 
a second image A, B, of the same size as the fi^L To 
construct for its position we drop perpendiculars from A, 
and 6, on the plane of the mirror and produce them to 
an equal distance in front of the mirror, as explained in 
art. 255. The plane of the image A, B, is parallel to the 




axis of the telescope, and the eye-piece //' is inserted in 
the side of the telescope, directly opposite to it This 
construction is almost universal in large reflecting tele- 
scopes intended for astronomical purposes. 
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295. Gregorian Telescope. — ^The favourite reflect- 
ing telescope for observing terrestrial objects is the Gre- 
gorian (Fig. 94). The lai^e speculum M N is perforated 
in its centre with a hole Urge enough to look through, 
and behind this hole is the eye-piece //'. The rays 
reflected from the large speculum are intercepted by a 
second much smaller concave mirror mn after forming 
the first image ^A ,B, which lies between the centre of 
curvature and principal focus of the second mirror. 
Hence an enlarged image A,B, is formed at a greater 
distance from mn; and to this image the eye-piece is 
directed. 

The first image ,A ,B is an inverted image of the object 
The second image A, B, is an inverted image of the first. 




and is therefore an erect image of the object The 
observer, looking throu^ the eye-piece, accordingly sees 
an erect image in this telescope ; and there is the ftirther 
convenience, for terrestrial purposes, that he looks in the 
direction of the object. Fig. 95 is a sectional view 
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of the complete instrument. V is the focussing screw, 
which moves the small mirror m. 

296. Specula of Telescopes. — The mirrors, or 
specula^ employed in telescopes are not of glass, coated 
at the back with amalgam, like ordinary looking-glasses, 
but are either composed of an alloy of copper and tin 
called speculum metal, or of glass coated in front wit]| 
silver. 

In large telescopes they are usually not spherical but 
approximately parabolic — ^that is, of the form generated 
by the rotation of a parabola about its axis. If a mirror 
is truly parabolic, all rays incident upon it parallel to the 
axis are accurately reflected to the focus if it be concave, 
or from the focus if it be convex. 

297. Conjugate Foci for Convex Mirrors. — 
Let A B (Fig. 96) be an object in front of a convex spheri- 
cal mirror M N. The ray 

^•9^ AC incident in the direc^ 

tion of the centre of cur- 
vature is reflected back 
upon itself, and the ray 
A I, incident in any other 
direction, is reflected as 
if it came from F, the mid- 
dle point of the parallel 
radius; hence the point 
A' in which F I and CA 
intersect is the image of 
A. The image A' B' of an object A B an)rwhere in front 
of a convex mirror is erect, virtual, and smaller than the 
object, and lies behind the mirror at a distance less than 
half the radius of curvature. When the object is close in 
front of the mirror the image is close behind the mirror, 
and as the object moves away to infinite distance the 
image moves back to the middle point of the radius. The 
image, being always between the centre of curvature and 
the object, is alwa3rs smaller than the object 

298. Application to Cassegranian Telescope. 
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— As rays incident on the mirror from A are reflected as 
if they came from A', so also rays converging in front of 
the mirror to A' are reflected to A. Tiiis principle is 
employed in the Cassegranian telescope, which like the 
Gregorian has a perforated speculum with the eye-piece 
behind it. The rays reflected from the large speculum 
are intercepted on their way to form a real image A' B' 
by a small convex mirror MN, and after this second 
reflection they form a real and larger image AB just in 
front of the eye-piece The second image is erect as 
compared with the first, and therefore inverted as com- 
pared with the object 

LENSES. 

299. Lenses are of two principal kinds, convex and 
concave. A convex lens is very similar in its proper- 
ties to a concave minor, and a concave lens to a convex 
mirror. 

The three lenses A, B, C (Fig. 97) are all classed as 




convex. The first is called double convex, the second 
plano-convex, and the third a convex meniscus (/iijvivnici 
a crescent). 

The three lenses D, E, F are all classed as concave. The 
first is called double-concave, the second plano<oncave, 
and the third a concave meniscus. 

The two forms of meniscus can be distinguished by 
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comparing the thickness in the middle with the thickness 
at the outside. If the middle is the thickest part, the 
lens is to be regarded as convex; if it be the thinnest part, 
the lens is concave. 

Both faces of a lens are usually spherical or approxi- 
mately spheiicid; and in elementary optics the greatest 
thickness of a lens is supposed to be small in comparison 
with the radii of curvature of the faces. 

300. Principal Focus. — Rays incident upon a con- 




vex lens parallel to its axis (Fig. 98) are refracted through 
it in such a manner that after emerging they converge 
approximately to one point F, called the principal focus; 
and the principal focus is said to be real. 

Rays incident upon a concave lens parallel to its axis 
emei^e from it as if they came from one point (F, Fig, 
99), called the principal focus; and the principal focus 
in this case is said to be virtual. 

The distance of the principal focus from the lens (in 
either case) is called the focal imgtk of the lens. 

301. The formula for finding the focal length / when 
the index of refraction /i and the radii of curvature r„ r„ 
of the two faces of the lens are given, is 

which is applicable to all the six forms of lens above 



described, when proper attention i 
the quantities involved. 



paid to the signs of 




/ is to be considered positive when the priocipal focus 
is real, negative when it is virtual. 

r, is to be reckoned positive if the first &,ce is convex, 
negative if the first face is concave. 

fj is to be reckoned positive if the second face is convex, 
negative if concave. 

/x denotes the index of refraction from the external 
medium into the lens. 

As rays may be incident ufion either face of a lens, 
there are two principal foci, at equal distances from the 
lens, on opposite sides of it. 

302. Conjugate Focal Distances — Rays inci- 




dent upon a convex lens from a principal focus emerge 

parallel to the axis, and rays incident upon a concave 
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lens in lines converging to a principal focus emerge 
parallel to the ajds. 

Rays incident upon a convex lens from a point (S, Fig. 
loo) on or near its axis at a greater distance than its 
focal length, will approximately converge to a real focus 
(S') on the other side, and if/ and jt' denote the distances 
of S and S' respectively from the lens, they will satisfy the 
equation 

/denoting the focal length of the lens. 

Conversely, rays incident upon the lens from S ' will con- 
verge approximately to S. The two points S and S' are 
called conjugate foci. 

303. Rays incident upon a convex lens from a point S 
(Fig. loi), nearer than the principal focus, diverge after 




emergence as if they came from a more distant point S' 
on the same side of the lens as S. The points S and S' 
in this case are still called conjugate foci, S being a real 
and S' a virtual focus, and their distances from the lens 
will satisfy the formula of the preceding article if the 
distance of the virtual focus from the lens be counted 
n^iative. 

Rays converging on the other side of the lens towards 
S' will, after emei^^ence, converge to S. 
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304. Applications. — When we employ a pocket lens 
to magnify a small object, we hold the lens at a distance 
from it less than the focal length, and thus fonn a virtual 
image on the same side as the object, but at a greater 
distance. If the eye is dose to tiie lens, which is the 
best position when high magnification is desired, the 
distance of the virtual image should be equal to the 
distance at which the observer would hold a small object 
which he wished to examine carefully with the naked eye. 

When a lens is used as in a magic lantern or a camera 
obscura, for throwing the image of a real object on a 
screen, the image must be real, and the circumstances 
are those discussed in art. 30Z. 

305. Conjugate Foci of Concave Lens. — If 
rays fall upon a concjve lens (Fig. 102) from a point P 




at any distance whatever, they will emerge as a pencil 
divei^ing from a nearer point F' on the same side of the 
lens. "llie distance C P' is not only less than C P, but 
is also less than the focal length C F' or C F. If P is 
very distant (and lies on the axis) P' will nearly coincide 
with the principal focus on the same side. If P is very 
near to the lens, P' will be still nearer. Its movements 
are governed by the equation 
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306. Optical Centre of a Lens. — Every lens has 
a point whose properties are similar to those of the centre 
of curvature of a mirror. It is called the centre or optical 
centre of the lens. It hes on the axis, and if the lens be 
ei^ui-convfx or equi<oncave it is the middle point of the 
thickness. If the lens be plano-convex or plano-concave 
it hes upon the convex or concave face, and if the lens 
be a meniscus it lies outside the lens. It possesses the 
property that every straight line drawn through it makes 
equal angles with both faces of the lens; whence it follows 
that any ray which in its passage through the lens traverses 
this point (or would traverse it if produced in the case of 
a meniscus) will, like a ray traversing a plate, have the 
same direction after emergence as before entrance, — that 
is to say, the emergent ray will be parallel to the incident 
ray. In elementary optics, the thickness of a lens is 
supposed to be negligible in comparison with the other 
distances which are discussed, and the emergent ray, 
which is really parallel to (and at a very small distance 
from) the incident ray, is regarded as coincident with it ; 
in ouier words, the course of every ray which traverses the 
centre of a lens is regarded as straight. 

307. Rules for Magnitude and Inversion. — By 
tracing rays from two points of an object, through the 
centre of a lens, to the corresponding points of the image. 




it can be shown, as in the case of mirrors, that the linear 
dimensions of object and image are directly as their dis- 
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tances from the centre. Also that the ima^ will be 
inverted when it lies on the opposite side of the centre 
from the object, and will be erect when it lies on the same 
side. 

308. Construction for Image. — ^When the centre 
and focal length of a lens are given, the position and size 




of the image of a given object can be found by a con- 
stniction analogous to that which we have already em- 
plt^d in connection with mirrors. 

Let A (Fig. 103) be a point not lying on the axis. The 
ray A I incident parallel to the axis will pass through the 
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the point A' in which the two lines I F, A C i 
when produced, is the image of A. 

Or again (Fig. 104), the ray A F' I which passes through 
the principal focus F' will emerge parallel to the axis. 




Hence A' the image of A will be the intersection of the 
line A C produced with I A' drawn parallel to the axis. 

In these figures both the conjugate foci are real. 

The construciion when one is virtual is exhibited in 
Figs. 105, 106, in both of which A B is the object, O the 
centre of the lens, and F one of the two principal fed. 



309. Apparent Size. 

an eye in a given positia 
are said to have the 



upon the retina of the eye a 



■When one object, as seen by 
exactly covers another, they 
apparent size; their images 
■e, in fact, equal. 

When we speak of the ap- 
parent size of one object as 
being double that of another, 
it is necessary to specify whe- 
ther we are speaking of length 
or area. A square i inch in 
the side {Fig. 107) at a given distance from the eye 
has the same apparent size as a square a inches in the 
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side at double the distance. The 2-inch square can b^ 
divided into four squares each of i inch. Each of these 
has half the apparent linear magnitude of the nearer 
square, and has one-fourth of the apparent area. An 
object is said to be magnified n diameters when its appa- 
rent linear dimensions are increased n fold, and this is 
the usual mode of specif3dng magnifying power. 

3x0. Magnification by a Lens or Simple 
Microscope. — In the attempt to increase the apparent 
size of small objects by bringing them near the eye, we 
are practically limited by the nearest distance of distinct 
vision. Near-sighted persons have an advantage over 
others in viewing small objects by the naked eye, inas- 
much as they are able to bring them nearer without loss 
of distinctness. 

When we use a convex lens in the ordinary way to 
magnify a small object, a virtual image is formed (as in 
Fig. 105) at a greater distance from the lens, and there- 
fore from the eye, than the object itself. The object and 
its image subtend the same angle at the centre of the 
lens, and, if the eye is close to the lens, subtend practically 
the same angle at the eye. If, then, the image is at the 
smallest distance of distinct vision, the object will be so 
near that it could not be seen distinctly without the lens. 
When a lens is thus used, its magnifying effect simply 
depends upon the power which it thus gives of bringing 
an object nearer without losing distinctness of vision. 
When we view an object through a convex lens not close 
to the eye, the image subtends, at the eye, a larger angle 
than the object, as is evident from Fig. 105. This result 
depends on the circumstance that the image is more dis- 
tant than the object. When a concave lens is employed, 
the image {a, by Fig. 106) is nearer than the object, and 
therefore, if the eye is not close to the lens, subtends a 
smaller angle than the object. 

311. Spectacles. — The spectacles usually worn by 
aged persons are intended to remedy the defect of over- 
sightedness, which renders near objects indistinct The 
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remedy consists in forming images of near objects at 
greater distances than the objects themselves. 

Spectacles for short-sighted persons are concave, and 
form images of objects at smaller distances than the 
objects themselves. 

If X denote the distance at which a short-sighted or 
over-sighted person finds by trial that he can see most 
distinctly, and D the distance at which a book would be 
held by a person who has no defect of vision, the focal 
length /of the spectacles which should be used is given 
by the formula — 



y =-^ - g- for short-sight 



z 

7 



D 



— for over-sight. 



312. Astronomical Refra^cting Telescope.— 

The telescope specially designated the astronomical tele- 
scope, or the astronomical refractor, consists essentially 

Fig. Z08. 




of two convex lenses L and L'.(Fig. 108), called respec- 
tively the object-glass and eye-piece^ or the objective and the 
ocular y the former being much larger than the latter and 
having much greater focal length. 

The object-glass forms an inverted image A, B, at or a 
little beyond its principal focus, and the eye-piece pro- 
duces a virtual image A' B' of this image. C and C are 
the centres of the two lenses, F and F' are the two prin- 
cipal foci of the eye-piece, and the dotted lines indicate 
the construction (as in Fig. 105) for the virtual image. 
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3x3. Its Magnifying Power. — ^The magnifying 
power of a telescope is estimated by comparing the angle 
under which a distant object is seen in the telescope with 
the angle under which it is seen by the naked eye; that 
is, by comparing the angle A' C B' or A.CB1, in the fig. 
of last article, with A C B or its equal A^C B,. 

But the angles A,CB, and A,CB„ being the angles 
subtended by the real image at the centres of the two 
lenses, are approidmately in the inverse ratio of the dis- 
tances of this image from the two centres, and these dis- 
tances again are approximately equal to the focal lengths. 
Hence the magnifying power as regards apparent linear 
dimensions is approximately equal to 

focal length of objective 
focal length of ocular * 

314. Galilean Telescope. — In the telescope in- 
vented by Galileo, the ocular L' (Fig. 109) is a concave 

Fig. T09. 




lens, and intercepts the rays before they have arrived at 
the focus of the objective. It is in advance of this focus 
by a distance rather greater than its own focal length, and 
it forms a virtual image A' B' of the real image A, B, which 
would be formed if the ocular were removed out of the 
way, this real image being at or a littie beyond the prin- 
cipal focus of the objective L. Let/and/' be the prin- 
cipal foci of the ocular. Then a ray on its way towards 
A, in a direction parallel to the common axis emerges 
from the ocular as if it came from/; and the point A' in 
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which fliis eme^ent ray produced backwards intersects 
the producti(Ni ot A, C, is the image of A,. 

The magnifying power is approximately the ratio of 
the focal lengths of the two lenses, just as in the case of 
the " astronomical " telescope. The same rule also holds 
for the Herschelian and Newtonian telescopes described 
in arts. 294, 295. Objects are seen erect in the Galilean 
telescope, whereas in the " astronomical " telescope they 
are seen inverted. The Galilean construction is employed 
for opera-glasses. In the ordinary teirestrial telescope 
the image is rendered erect by the introduction of some 
additioiul lenses besides the two which belong to the 
"astronomical" telescope. 
315. Compound Microscope. — The compound 
j-j, ,^ microscope in itssimplest 

form consists essentially 
of two convex lenses, one 
of which, called the ob- 
jective, is of short focal 
length, and is placed at 
adistance sUghtly exceed- 
ing this length from the 
object to be viewed. A 
gready-enlarged real im- 
age IS formed on the 
other side at a distance 
which is very large com- 
pared with the focal 
\ length, and this image is 

magnified by means of 
•A the other lens, called the 
S; ocular or eye-piece. In 
— «M^' Fig. no, A B is the ob- 
';., ject, II' the objective, 
' f'f its two principal foci, 
A, B, the real image, here 
drawn by the construc- 
tion of art 308, Fig. 103; L L' is the ocular, F and F' 
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its principal foci, and A' B' the virtual image which is 
seen by the observer, this image being here constructed 
according to art. 308, Fig. 105. 

Compound microscopes are usually furnished with 
several objectives of different focal lengths — the most 
usual being from an inch down to ^ of an inch; and large 
telescopes are usually furnished with several oculars. In 
both cases the shortest focal length gives the highest 
magnifying power. 

316. Brightness of Image. — ^The brightness of the 
image seen in a telescope or microscope can never exceed 
the brightness of the object as seen by the naked eye, 
except in the case of bodies which, like stars, appear mere 
luminous points. In the majority of cases, especially 
when high magnification is obtained, there is great loss 
of brightness as compared with that presented to the 
naked eye. 

When a telescope or microscope is directed towards 
the sky or any bright back-ground, a real image of the 
objective is formed by the ocular, and may be received 
on a piece of thin paper held at a little distance — ^perhaps 
J or J of an inch — behind the ocular. If this bright spot 
IS smaller than the pupil of the observer's eye, the differ- 
ence represents so much loss of brightness. If it is larger 
than the pupil, there is no gain of light, because the light 
that falls outside the pupil does not contribute to vision. 
In telescopes, the diameter of the objective divided by the 
diameter of this spot is equal to the magnifying power. 
A large objective, therefore, permits a comparatively high 
magnifying power to be employed without rendering the 
bright spot smaller than the pupil. When the bright 
spot is as large as the pupil, the brightness would be the 
same as to the naked eye, were it not that lenses transmit 
only a part of the light which falls upon them — another 
part being reflected from their surfaces, — and that specula 
only reflect a portion of the incident light 

317. Cross Wires. — ^When a red image is formed 
by any lens or mirror, it is easy to place a mark (such as 
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the point of a pen) in coincidence with any selected point 
of the image. In telescopes, when used for purposes of 
measurement, there is usually a pair of very fine threads 
crossing each other, which is thus used a§ a mark. If the 
intersection of the threads be made to coincide with a 
point of the real image formed by the objective, the 
observer will be able to see both at the same time well 
defined. When the coincidence is not exact as regards 
distance from the ocular, not only will there be a difficulty 
in seeing both distinctly at the same time, but the one 
will appear to move with respect to the other when he 
moves his eye sideways. He has thus the means of 
determining whether the coincidence is exact, and it is 
his duty to make it exact When the direction of any 
object is to be observed, its image is made to coincide 
with the intersection of the threads; and the line joining 
the intersection of the threads to the centre of the objec- 
tive will then, if produced, pass through the object 
This joining line is accordingly regarded as the line of 
sight in msddng observations of direction by means of a 
telescope, and it is called the line of collimation. 

The intersecting threads are called cross-wires^ and it is 
to their employment that modem astronomy is mainly 
indebted for its great superiority to ancient astronomy in 
the power of accurate observation. 

CHROMATIC DISPERSION. SPECTRA. 

318. When ordinary light, such as sunlight, gaslight, 
or candlelight undergoes refraction, it is broken up into 
different colours. This phenomenon is called chromatic 
dispersion (xpt^/ia, colour). 

319. Solar Spectrum. — ^To observe the pheno- 
menon with the utmost simplicity, take a good prism of 
flint-glass, and look through it at a narrow opening through 
which direct light firom the sky enters a dark room, the 
piism being held so that its edges are parallel to this 
opening. 
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Thus, let S (Fig. iii) be the slit or opening through 
which tlie light is admitted^ and £ the position of die 
observer's eye, then 

R V will be the posi- %. *"««• ««• 
tion of the image as 
seen; but this image, 
instead of being a 
line of white light, 
like that which the 
sUt presents to the 
naked eye, will be 
a broad rectangle 
filled up by a suc- 
cession of colours, 3 

of which red is near- 
est to the true direc- 
tion of S, and violet is the most remote. The complete 
series, as enumerated by Newton, is 

red^ orange^ yellow^ green, blue, indigo^ violet. 

The appearance thus presented is called th^ solar spectrum. 
It is due to the fact that the prism has analyzed a beam 
of solar light into its constituent parts. The image is, in 
fact, the combination of an indefinite number of different 
images of the slit, ranged in order and partially overlapping, 
each of these separate images being similar in shape to 
the slit itself. Solar light consists of an indefinite num- 
ber of different constituents, each constituent being dis- 
tinguished not only by its own proper colour, but also by 
its own refrangibUity. The violet constituents are the 
most, and the red constituents the least refrangible; in 
other words, the index of refraction (say from air into a 
given kind of glass) is not one definite quantity for all the 
constituents alike, but varies gradually from a minimum 
for the light which appears at die red end of the spectrum 
to a maximum for die light which appears at the violet 
end. 
320. Fixed Lines. — In the experiment just described, 
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if the prism is good, the slit sharp, and the observer suf- 
ficiently distant from it, the spectrum will be seen to con- 
tain several black lines — places where images of the slit 
are wanting. Whenever these fixed lines or Fraunhofer 
lines are seen, they may be taken as an indication that 
the experiment has been very successfully performed. 
They indicate great /«r//y of the spectrum; in other 
words, great freedom from overlapping of the diflferent 
constituents. Fig. 112 shows the positions of the most 
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conspicuous of the fixed lines, and the letters marked 
above them are the names by which they are known, 
these names having been assigned to them by their dis- 
coverer Fraunhofer. 

321. Spectroscope. — ^A spectroscope, — ^that is, an 
instrument for the observation of spectra, — ^usually con- 
tains the following parts : — 

tst. A slity the edges of which are two knife-edges of 
steel very truly ground and exactly parallel. The distance 
between them — ^in other words, the width of the slit — ^is 
usually adjustable by a screw. 

2d. A collimating lens; being a convex lens with the 
sHt at its principal focus. The ra3rs from any one point 
of the slit, therefore, emerge from the lens as a parallel 
pencil. The slit and lens are let into opposite ends of a 
tube, whose length is the focal length of the lens. This 
tube with the lens and slit is called the collimator, 

3d. A prism of dense flint-glass, on which the rays fiall 
after emerging from the collimator. It should be so placed 
that all the rays are refracted through it with approxir- 
mately minimum deviation. > ,^ 



UGHT. 187 

All the rays of equal refrangibility from any one point 
of the slit will emerge from the prism as a parallel pencil. 

4th. An observing telescope^ constructed like an astrono^ 
mical refractor of small size, and so placed that the rays 
traverse it after emerging from the prism. It must be 
focussed as if for viewing a very distant object, because 
rays of a given refrangibility from a given point of the 
slit are parallel before entering it Fig. 113 is a ground 

Fig. 1x3. 




plan of the arrangement, showing the course of a pencil 
of rays of the same refrangibility from a single point of 
the sUt. S is the slit, C the collimating lens, P the prism, 
O the object-glass of the observing telescope, and E the 
eye-piece. A real image of the slit will be formed at / 
by rays of the given refrangibility; other images will be 
formed between / and v by rays of greater refrangibility, 
and others between /and r by rays of less refrangibility. 

322. Spectrum thrown on Screen. — If, instead 
of the telescope with its two lenses O, E, we simply 
employ a convex lens O, we can throw the spectrum upon 
a screen placed at z;r; but a much more powerful source 
of light is required for throwing a spectrum on a screen 
than for viewing it directly. The collimating lens C can 
be dispensed with, if the distance of the slit from the 
prism is sufficiently great in comparison with the diameter 
of the lens O. 
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323. Spectra of Artificial Lights. — ^The spectrum 
obtained is m every case the spectrum of the light which 
comes through the slit to the prism. The components ot 
this light, whatever they may be, will appear in their 
proper places in the spectrum. 

If the slit is illuminated by a gas or candle flame instead 
of by solar light, the Fraunhofer lines will not be seen. 
They are characteristic of solar light exclusively. In other 
respects the spectrum of a gas or candle flame is very 
similar to the solar spectrum, being, however, relatively 
weaker in blue and violet than in red and yellow. The 
brightest part is, in both cases, in the yellow, from which 
there is a gradual falling ofl* to both ends. 

324. Spectra of Incandescent Solids and 
Liquids. — Every incandescent solid or liquid (for ex- 
ample, red-hot, white-hot, or molten iron) gives a contin- 
uous spectrum. At a dull red heat the spectrum consists 
mainly of red, and as the temperature rises the spectrum 
extends further towards violet, so that the red rays, though 
they increase in absolute brightness, become less pre- 
dominant The total light thus becomes whiter. The 
whiteness of solar as compared with most artificial lights 
is thus attributable to the high temperature of the source 

325. Bright-line Spectra. — By putting common 
salt on the wick of a spirit-lamp, we obtain a flame whose 
spectrum, instead of being a broad band of successive 
colours, is a narrow line of yellow. The light emitted by 
this flame is thus proved not to be compounded like day- 
light of an indefinite number of different constituents, but 
to be simple — or in technical phrase, monochromatic 
The simplicity, however, is not absolute When high 
spectroscopic power is employed the line is seen to be 
double, that is to say, it splits up into two lines near 
together. This line, whether seen as double or single, is 
called the sodium line. It is due to the presence of in- 
candescent vapour of sodium. It is an example of what 
is called a bright-line spectrum. All those metals which 
are readily vaporized give bright-line spectra when exposed 
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to the flame of a spirit-lamp, or still better, of a Bimsen 
burner; and the more refractory metals also give bright* 
line spectra when vaporized by the electric spark. Gases 
and vapours usually give bright-line spectra when raised 
to incandescence. The spectrum of hydrogen, for ex- 
ample, consists of 4 lines, of which one is in the red, two 
in the blue, and the fourth (which is less bright than the 
others) in the violet. 

326. Hydrocarbons. — ^All the artificial lights in ordi- 
nary use are produced by the combustion of a mixture of 
hydrogen and carbon. • The hydrogen contributes a large 
amount of heat, but would of itself give very little light. 
The light actually emitted is believed to be mainly due to 
incandescent particles of solid carbon, — such particles as 
are deposited by these flames in the form of lamp-black; 
and the continuous spectrum which these flames give 
is believed to be the spectrum of incandescent solid 
carbon. 

327. Ultra-red and Ultra-violet Rays. — ^The 
visible solar spectrum is only the middle portion of the 
whole spectrum of the sun's rays. There are rays of 
powerful heating effect beyond the red, and rays capable 
of exerting chemical action beyond the violet. These 
latter, when allowed to fall upon what are called fluor- 
escent substances, such as canary glass (coloured with 
oxide of uranium) or solution of quinia sulphate, are con- 
verted into visible rays, and give the fluorescent substance 
the appearance of being self-luminous in its superficial 
layer. 

328. Coincidences of Dark and Bright Lines. 
— Most of the dark lines in the solar spectrum are found 
to have the same positions as the bright lines of known 
terrestrial substances. One of the strongest of them for 
example — Fraunhofer's line D, — is a double line exactly 
coincident with the double line of sodium. The coinci- 
dence is easily exhibited by holding a salted spirit-flame 
in firont of the slit of a spectroscope directed towards the 
sky. The observer will see a certain line in the spectrum 
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become alternately bright and dark as the flame is held in 
front and removed. 

329. Reversal of Lines. Connection between 
Emission and Absorption. — ^It is also found that 
if sodium is burned in such a situation that its vapour — 
not hot enough to be luminous — is interposed between 
an artificial light and the slit of a spectroscope, a dark 
line, having the position of the line D, makes its appear- 
ance in the otherwise continuous spectrum. It is, there- 
fore, inferred that the dark lines in the sun's spectrum 
are due to vapours which surround the brighter body of 
the sun and intercept certain constituents of the trans- 
mitted light, namely, the same constituents which these 
vapours would emit on their own account if incandescent. 
Every subi^tance is capable of absorbing the same rays 
which it is capable of emitting, and carbon, which 
greedily absorbs all kinds when cold, abundantly emits 
all kinds when sufficiently heated. 

330. Stars and Nebulae. — The spectroscope has 
accordingly enabled astronomers to analyze the sun's 
atmosphere; and the same method has been applied to 
the stars and nebulae. Some of the latter give bright-line 
spectra, while others, which can be resolved by the tele- 
scope into clusters of stars, give a continuous spectrum. 
The spectra of some of the brightest of the stars have 
been obtained with sufficient distinctness to show the 
existence in them of dark lines identical with some of 
those which appear in the solar spectrum. 

331. Chromatic Aberration. — The unequal re- 
frangibility of different rays is a source of difficulty in the 
construction of telescopes and microscopes. Every lens 
constructed of a single piece of glass has a shorter focus 
for violet than for red light, and therefore cannot yield a 
sharp image of a white object. At whatever distance a 
screen is held to receive the image, it must necessarily be 
wrong for all the colours but one. Such a lens accord- 
ingly gives images bordered by coloured fringes, w^ich 
are especially noticeable when the object is much brighter 
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or darker than the back-ground. This defect is called 
chromatic aberration, 

332. Achromatic Prism. — It is possible, however, 
by combining two lenses composed of dififerent kinds of 
glass, to remedy this evil. Two prisms, one of flint and 
the other of crown glass, if they give the same amount of 
separation between red and violet rays (an end which can 
be. attained by giving the crown prism a much larger 
angle than the flint), will not produce equal deviations. 
The deviation produced by the crown will be greater (for 
all the colours) than that produced by the flint. Hence, 
if the two prisms are combined, with their angles turned 
opposite ways, as in Fig. 114, where C is the crown and 
F the flint, we obtain a com- 
pound prism which will pro- ^»s- "4. 

duce deviation (in the durec- 
tion due to the crown), but 
does not separate red from 
violet. Such a prism is 
called achromatic. On the 
other hand, if two prisms, one of ilint and the other of 
crown, give equal deviations for the mean rays (to 
which end, the crown prism must still have the greater 
angle of the two, but the excess must not be so great 
as before), the separation between red and violet will 
be greater for the flint than for the crown, and the 
two combined in the manner of Fig. 114 will produce 
dispersion without deviation; or, to speak more strictly, 
will produce deviation of red and violet in opposite direc- 
tions, so that the spectrum of a slit as seen through it will 
extend on both sides of the triie direction of the slit. 
Such prisms are used in direct-vision spectroscopes, in 
which the observer looks in at one end of a straight tube, 
the slit being at the other end. 

333. Achromatic Lens. — In like manner, two 
lenses, one of flint and the other of crown, can be made 
of such curvatures that the compound lens formed by 
uniting them, as in Fig. 115, will have the same focal length 
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for violet as for red. Such compound lenses are called 
achromatic. If the crown lens be convex, the flint lens 

must be concave, and 
'^"«« the combination will 

have the properties of 
a convex lens. 
'^ In the figure the con- 
vex lens is of crown; 
V is its principal focus 
for violet, and R for red. With respect to the concave 
lens, which is of flint, F is the focus conjugate to V for 
violet and to F for, red. F is therefore the principal focus 
of the combination. 

334. Irrationality of Dispersion. — When we 
compare carefully two specimens of the solar spectrum 
obtained by means of two difierent prisms of different 
materials (or even of different angles and the same mate- 
rial), we find in general that the distances between the 
fixed lines are not exactly proportional in the two spectra, 
— we may find, for example, that red covers a greater 
space in the first spectrum than in the second, and that 
blue covers a greater space in the second spectrum than 
in the first This fact is called the irrationcUity of disper- 
sion. One consequence of it is that a prism or lens can- 
not be made perfectly achromatic. A lens composed of 
tivo pieces can be constructed so that it shall have the 
same focal length for two specified colours, but it will 
have slightly difiierent focal lengths for the remaining 
colours. 

COLOUR. 

335. Relation of Colours to the Spectrum. — 

Unaided vision cannot resolve a beam of light into its 
constituents, and the same apparent colour may be pro- 
duced by very various mixtures. 

Most of the colours which we see in nature are capable 
of being imitated by making a mixture of some one colour 
of the spectrum with white of feeble intensity. Purpte is 
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the only exception to this rule; but it can be imitated by 
a mixture of two colours of the spectrum, with or without 
white. White itself can be produced by a mixture of two 
colours of the spectrum, and any two colours which can 
produce white by their mixture are called complementary. 
Each red constituent of the spectrum is complementary 
to a constituent lying somewhere in the green; and each 
orange or yellow is complementary to one of the blues or 
violets. The yellowish-greens are not complementary to 
any single constituents of the spectrum, but their com- 
plements can be made by mixing red and violet. 

336. Mixing of Colours. — ^AU these statements 
respecting mixtures are to be understood as relating to 
mixtures of lights not to mixtures of pigments. The fol- 
lowing are some of the best practical methods of obtaining 
mixtures of given kinds of light. 

(i.) Two spectra may be made to overlap, so that at 
each point there will be a mixture of two colours, one 
from each spectrum. 

(2,) One colour may be seen through a plate of glass, 
while the other is seen by reflection from the near side of 
the plate. Thus two pieces 
of coloured paper A B, A' B' Fig. xxd. 

(Fig. 116) may be laid on a e- 

table, and the glass plate be 
set upright with its near face ^i 

midway between them. An 
image of A B, formed by ^ b 

reflection, will coincide with ^ 



B A- 



A' B'; and an eye, on the same side as A B, will see a 
mixture of both colours at A' B'. When the eye is held 
nearly in the plane of the plate, as at E„ the reflected 
image will predominate, because, when light falls on glass 
nearly tangentially, it is nearly all reflected. By lowering 
the eye to such a position as Eg, the reflected image wUl 
be rendered weak, while the colour seen by transmission 
wDl be nearly as strong as if the glass were removed. It is 
thus easy to vary the ratio in which the colours are mixed. 

18 
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(3.) By arranging the colours as sectors on the face of 
a disk, and then setting it in rapid rotation. 

In methods (2) and (3) the mixture is intermediate 
in brightness between the constituents. In method (i) 
it is brighter than either. This method, in fact, gives their 
sum, and the other two their mean. 

337. Three Elementary Colour-sensations. — 
Quantitative experiments on the mixture of coloured 
lights have established the conclusion that the eye is 
only capable of receiving three independent sensations of 
colour. If one mixture A produces these sensations in 
the same strength as another mixture £, the two mixtiu-es 
will appear alike. 

Colour-blind persons have only two of the three ele- 
mentary colour-sensations, and the spectrum appears to 
them to consist of only two decidedly different colours, 
with a band of neutral tint between. The extreme red 
end is invisible to them, and a bright scarlet and a deep 
green appear to them alike. 

There are three colours in the spectrum, and only three, 
which cannot be imitated by mixtures. One of them is 
a deep oHve-green, and the other two are the extreme red 
and violet. Hence it is concluded that these three colours 
come nearer than any others to the three elementary colour- 
sensations. 

The maximum of intensity does not, in the case of any 
of the three sensations, coincide with the maximum of 
purity, and will, in fact, be different for different speci- 
mens of the solar spectrum (art. 334). It will always lie 
between the position of maximum purity and the brightest 
part of the spectrum. The two extreme ends of the spec- 
trum excite sensations of great purity but of extremely 
low intensity. 

338. Colour by Transmission. — ^When solar light 
comes through a plate of coloured glass or other coloured 
and transparent material, some of its constituents are 
largely absorbed (going to heat the substance) while 
others are transmitted with little loss. The character of 
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the absorption can in each case be tested by examining 
the transmitted light with a spectroscope; and it is found 
in many cases that certain groups of constituents have 
been absorbed; that is to say, dark bands are seen in the 
spectrum of the transmitted light. In the case of cobalt- 
blue glass, the yellow, orange, and scarlet are absorbed, 
while the extreme red is allowed to pass, forming a deep 
crimson band, separated from green, blue, and violet by 
a broad space of darkness. In the case of common red 
glass (coloured with oxide of copper), all the constituents 
are almost completely absorbed except those which are 
red. Hence this glass is often used as a means of obtain- 
ing approximately monochromatic light. 

339. Superposition of Coloured Glasses. — If 
we select two plates of coloured glass such that the con- 
stituents which are transmitted by the one are largely 
absorbed by the other, the double plate obtained by 
placing one of them in front of the other will be almost 
perfecdy opaque. This is the case with ordinary red and 
green .glass, which, though they may be highly transparent 
singly, appear black where they overlap. Such experi- 
ments show that the colours of two glasses are not mixed 
by looking through both together. A blue glass and a 
yellow glass overlapping usually appear green, whereas 
their colours if mixed would give buff, gray, or white. 
The mixing of coloured liquids follows the same laws as 
the superposition of coloured glasses. 

340. Mixtures of Pigments. — As to mixtures of 
pigments, whether in the dry or wet condition, all coloured 
pigments consist of transparent particles, each of which 
acts Uke a sheet of coloured glass, reflecting a little light, 
absorbing another portion, and transmitting a third. They 
are opaque in bulk, for the same reason that snow is 
opaque though composed of transparent particles of ice — 
the light is so broken up by successive reflections in 
various directions that it cannot penetrate deep. The 
colour of a mixture of pigments depends — ^like the colour 
of overlapping glasses — not merely on the apparent colours 
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of the separate ingredients as seen by the naked eye, but 
on the composition of these colours as revealed by the 
spectroscope. If the brightest part of the spectrum of 
one pigment coincides wiSi a dark band in the spectrum 
of another, the mixture of the two will be very deficient 
in brightness as compared with the two pigments separ- 
ately. 

341. Colours Heightened by Contrast. — Gazing 
steadily at any one colour (especially if bright) produces 
a temporary exhaustion and enfeeblement of the corre- 
sponding colour-sensation; so that, if we transfer our gaze 
to a white wall, the complementary colour-sensation pre- 
dominates, and the complementary colour is seen. For 
the same reason, the colours in a picture cannot be appre- 
ciated unless they are sufficiently diversified to allow each 
of the three elementary colour-sensations due amounts 
of alternate exercise and rest Complementary colours 
set each other off to the best advantage. 

THE EYE. 

342. The eye contains arrangements for throwing 
images of external objects upon a sensitive membrane 
called the retina. The image thus formed is the origin 
of the sensation of vision. 

The instruments by which the image is formed may 
be roughly compared to a spherical mass of water, having 
a double-convex glass lens immersed in it; the whole 
being inclosed in a thin glass shell. In discussing the 
formation of images by such a combination, the glass 
shell may be neglected, since the curvatures of its two 
faces are sensibly equal and opposite, and we may regard 
rays from without as directly incident upon the sphere of 
liquid. Parallel rays thus incident will be rendered con- 
vergent, and the convergence will be further increased by 
the action of the glass lens. It is possible to assign the 
lens such a position and such curvatures that the rays will 
come to a focus on the opposite surface of the sphere. 
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To obtain a well-defined image it would be necessary to 
employ an annular stop to intercept all circumferential 
rays and only allow those to pass which are incident near 
the axis of the lens. 

343. In general, a parallel pencil in air, incident nearly 
normally upon a medium of index fj, bounded by a convex 
surface of radius of curvature r, is brought to a focus at a 

distance from the surface equal to -3- r. For water, and 

for the humours of the human eye, /* is approximately |, 
therefore the focal length is 4 r. Hence if there were no 
crystalline lens in the eye, rays entering it from a distant 
point would converge towards a conjugate focus whose 
distance from the cornea would be four times its radius 
of curvature. It is the office of the crystalline lens to 
diminish this distance and make the conjugate focus fall 
upon the retina. 

The focal length of a given lens varies with the medium 
in which it is placed, being (as the formula of art. 301 
shows) inversely proportional to /*- 1, where fx denotes 
the index of refraction out of this medium into the lens. 
Thus, if the index from air to glass be f , from air to water 
^, and therefore from water to glass f-^l^, that is |, 
the focal length of a glass lens in water will be to its 
focal length in air as J to J, or as 4 to i. The index of 
refraction of the aqueous humour of the eye is 1*337, of 
the vitreous humour 1*339. That of the crystalline lens 
varies from about 1*337 in the external layer to 1*400 in 
the centre. This gradual increase is advantageous as 
tending to prevent that loss of light by reflection which 
always accompanies an abrupt change of index. The lens 
is built up of layers or coats whose forms are not similar 
one to another, but become more nearly spherical in 
approaching the centre. 

In front of the crystalline lens there is an annular dia- 
phragm called the iris. Its aperture, which is called the 
pupil, contracts and enlarges spontaneously according as 
more or less light falls upon the eye. The interior of the 



eye behind the pupil is lined (with the exception of the 

retina) with an intensely black membrane which serves (like 

the blackening of the interior of telescopes) to prevent 

extraneous light from min- 

Ri-»»;- gling with the light that 

1 forms the image. 

344. In Fig. 117, which 
represents a section of the 
I human eye, C is the cor- 
I nea, behind which is the 
I anterior chamber, extend- 
1 ing as far as the crystalline 
I lens L, and filled with the 
I aqueous humour, 1 1 is 
; iris, P the pupil, pp 
I the ciiiary processes, which 
' are attached to the lens, 
V is the vitreous humour, R the retina, which is an ex- 
pansion of the optic nerve O. H is the hyaloid membrane, 
N the choroid, and S the sckrolic. 




PHOTOMETRY. 

345. Instruments for measuring quantity of light are 
caUed photometers. The principal purpose to which 
photometers are appHed is the comparison of the quan- 
tities of light emitted by different sources. 

The illuminadon of a given plane surface (that is, the 
light which it receives per unit area) at different distances 
from a given source (such as a ga^ or candle flame) varies 
inversely as the square of the distance, the distance being 
supposed to be large in comparison with the diameter of 
the source, and the rays being incident at the same angle 
in the different cases compared. Thus one candle will 
produce the same illumination at the distance of one 
yard as four candles at the distance of two yards. This 
law is deducible from the axiomatic assumption that if one 
object exacdy screens another from the source, the same 
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quantity of light which falls upon the nearer would fall 
upon the more distant if the nearer were removed (see 
Fig. 107, art. 309). 

346. Photometric observations are usually made by 
employing a translucent screen which is more translucent 
in one part than in another; for example, a piece of thin 
paper partly covered with thicker paper. This screen is 
placed between the two flames with one face towards 
each, and is moved into such a position that both sides 
of it are equally illuminated. The illuminating powers of 
the two flames are then directly as the squares of their 
distances from it. When such a screen is more strongly 
illuminated on one side than on the other, an observer 
on the side which is most strongly illuminated sees the 
thin part darker than the thick; while to an observer on the 
less illuminated side the thin part appears the brightest 

VELOCITY OF LIGHT. 

347. Determination by Jupiter's Satellites. — 
The earliest computation of the velocity of light was based 
on observations of the eclipses of Jupiter's satellites. On 
the average of a long series of observations, it is found 
that these eclipses are visible 16° 26**6 earlier at the point 
of the earth's orbit nearest to Jupiter than at the diametri- 
cally opposite point. Light, therefore, occupies the above 
time in traversing the diameter of the earth's orbit 

348. By Aberration. — Another determination of 
the velocity of light is furnished by the astronomical phe- 
nomenon called aberration. ^ Each star appears to describe 
in the course of a year a small orbit about its mean place, 
in such a manner that, if we call the direction in which 
the earth at any instant is moving the forward direction, 
every star is always on the forward side of its mean place. 

^ The word "aberration" has other senses in optics, but they are 
always distin^shed by some qualifying epithet, as in the case of ' ' chro- 
matic aberration" (art. 331). The phrase * * aberration of light, " when used 
without qualification, always denotes the phenomenon here described. 
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This phenomenon is explained in the same way as the 
familiar fact that a shower of rain falling vertically seems 
to a person running forwards to be coming in his face. 
The relative motion of the rain-drops with respect to his 
body is found by combining the actual velocity of the 
Fig. xi8. drops, whether vertical or oblique, with a 
velocity equal and opposite to that with 
which he runs. Thus if A B (Fig. ii8) 
represents the velocity with which he runs, 
and C A the true velocity of the drops, the 
apparent velocity of the drops will be re- 
presented by D A. If a tube pointed 
along D A moves forward parallel to itselt 
with the velocity A B, a drop entering at 
its upper end will pass through its whole 
length without wetting its sides; for while 
the drop is falling along D B (we suppose 
with uniform velocity) the tube moves 
along A B, so that the lower end of the 
tube reaches B at the same time as the rain- 
drop. In like manner, if A B is the velocity of the earth, 
and C A the velocity of light, a telescope must be pointed 
along A D to see a star which really lies in the direction 
of A C or B D produced. 

The angle C A D is called the aberration of the star. 
When the angle BAG is a right angle — ^in other words, 
when the star lies in a direction perpendicular to that in 
which the earth is moving, the aberration amounts (for all 
stars) to 20^*5. Hence it is found by computation that 
the velocity of light is about ten thousand times as great 
as the velocity of the earth in its orbit As the earth 
describes its orbit in a known time, namely, in one year, 
its velocity can be calculated if we know the size of the 
orbit, or what amounts to the same thing, if we know the 
distance of the earth from the sun. 

349. Distance of the Sun. — Both these methods 
of determining the velocity of light are therefore depend- 
ent on a knowledge of the sun's distance, — ^an element 
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whose accurate determination is a matter of extreme diffi- 
culty. Not many years ago it was believed to be 95 or 
96 million miles. It is now, on better grounds, believed 
to be about 92 million miles. This makes the velocity of 
light about 186,000 miles per second. 

350. Fizeau's Method. — In recent years, two 
methods have been put in practice for determining the 
velocity of light independently of any knowledge of the 
distance of the heavenly bodies. In Fizeau's method, a 
rapidly revolving wheel with square teeth is employed. 
Each tooth, as it passes, intercepts the light from a powerful 
source on its way to a distant mirror which reflects it 
directly back. If, when the light thus reflected has returned 
to the revolving wheel, it finds one of the teeth in its path, 
it is stopped and extinguished; if, on the contrary, it finds a 
space (between two teeth) in its path, it passes through and 
reaches the observer's eye. It will meet with a space if 
the distance turned by the wheel in the time of going and 
returning is equal to one tooth and space, or to any exact 
multiple of this distance. In the experiments recently 
executed on this plan by Comu, the wheel was made to 
revolve at various measured speeds up to that which 
caused 21 teeth and spaces to pass; and the distance 
between the wheel and the mirror was 23 kilometres (a 
kilometre being about | of a mile). The result deduced 
by Comu from his experiments is that the velocity of 
light is 300*33 million metres per second in air, or 300*4 
in vacuo; and this is regarded as the most reliable deter- 
mination of the velocity of light yet made. Expressed 
in centimetres per second, it is, in round numbers, 
3 X io'°. 

351. Fizeau's Apparatus. — Fig. 119 will give an 
idea of the apparatus employed. R is the toothed wheel, 
M is a sheet of glass fixed at an angle of 45° to the plane 
of the wheel. The light of an electric lamp shining in 
through a lateral tube containing two lenses falls upon 
the sheet of glass, and is reflected by it in the direction of 
the distant station, the arrangements being such that an 



image of the larap-flanie is formed precisely in the plane 
of the wheel and coinciding (as the wheel revolves) alter- 
nately with a. tooth and a space. This image is in the 




principal focus of a large convex lens (the objective of a 
telescope), from which the rays emerge in parallel pencils 
and travel to the distant station, where they pass through 
another large convex lens and form another image at its 
principal focus. A plane mirror, exactly coinciding with 
this image, reflects them back by the same path by which 
they came; and if there is no tooth in the way, they pass 
through the glass sheet M, and enter the eye of the 
observer through the eye-piece of the telescope. 

It is of course to be understood that the light which 
completes the path thus indicated is only a small part of the 
original light. A large portion goes astray in the passage 
from one station to the other; and other portions are lost 
by imperfect reflection and imperfect transmission. 

352. Foucault's Experiment. — Another method 
was successfully put in practice by Foucault. A beam of 
bright sunshine reflected from an external mirror enters a. 
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room by a square hole at a (Fig. 120), which has a fine 
platinum wire stretched across it to serve as a mark. The 
beam is concentrated by an achromatic lens L, and before 
coming to a focus falls upon a plane mirror m revolving 
about an axis at c in its own plane, which is perpendicular 
to the plane of the figure. In one part of the revolution 
the reflected beam is directed upon a concave mirror M, 
whose centre of curvature is at c^ so that the beam is 
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reflected back to the revolving mirror and thence back 
through the lens to the hole at. which it first entered. 
The distance between the two mirrors m and M is such 
that the real image of the platinum wire exactly coincides 
with M, and hence, by the property of conjugate foci, a 
second real image would be formed at d; in coincidence 
with the platinum wire itself, if the mirror m had not 
shifted its position between the first and the second inci- 
dence of the ray upon it But in consequence of the 
rapid rotation of the mirror, the change in its position is 
sufficient to make the angle of incidence of the returning 
ray appreciably different from that of the original ray, and 
the image is accordingly formed not at a, but at a neigh- 
bouring point a\ 
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A sheet of glass g placed at an angle of 45** reflects a 
portion of the returning light, and causes it to form an 
image at a or at a', according as the mirror m is at rest 
or revolving. This image is in the focus of the eye- 
piece O, through which the observer looks. The dis- 
tance between a and a' — that is, the displacement of the 
image by the rotation of the miriror — is carefully measured, 
and furnishes the means of determining the angle turned 
by the revolving mirror during the time that light travels 
from »i to M and bacL As the speed of rotation of the 
mirror is known, the angle turned gives a measure of the 
time occupied, and in this time hght has travelled 
a measured distance, hence the velocity of light is 
determined, a represents the position of another dis- 
placed image formed at the same time by rays that have 
traversed the tube T, which is filled with water, M' being 
a second concave mirror at the same distance from c as 
the other mirror M. The displacement of the water- 
image a was greater than that of the air-image a', hence 
the time occupied by light in going from ^ to M' and 
back was greater than the time from ^ to M and back. 
Thus it was for the first time proved that light travels 
slower in water than in air, the ratio of the two velocities, 
as nearly as it could be determined, being 4 to 3. This 
is in accordance with the undulatory theory of light, which 
asserts that the index of refraction from one medium into 
another is equal to the ratio of the velocity in the first 
medium to the velocity in the second. 

POLARIZED LIGHT. 

353. Polarization by Tourmaline. — When a piece 
of the semi-transparent mineral called tourmaline is cut 
into slices by sections parallel to its axis, it is found that 
two of these slices, if laid one upon the other in a parti- 
cular relative position, as A, £ (Fig. 121), form an opaque 
combination. Let one of them, in fact, be turned round 
upon the other through various angles (Fig. 121). It will 



LIGHT. 



205 



be found that the combination is most transparent in two 
positions differing by 180°, one of them ab being the 
natural position which they originally occupied in the 
crystal; and that it is most opaque in the two positions 






at right angles to these. It is not necessary that the 
slices should be cut from the same crystal. Any two 
plates of tourmaline with their faces parallel to the axes 
of the crystals from which they were cut, will exhibit the 
same ' phenomenon. The experiment shows that light 
which has passed through one such plate is in a peculiar 
and so to speak uns3nnmetrical condition. It is said to 
be plane-polarized. According to the undulatory theory, 
a ray of common light contains vibrations in all planes 
passing through the ray, and a ray of plane-polarized light 
contains vibrations in one plane only; Polarized light 
presents the same appearance as common light to the 
naked eye; and in experiments in polarization two pieces of 
apparatus must be employed — one to produce polariza- 
tion, and the other to show it. The former is called the 
polarizer^ the latter the analyzer; and every apparatus that 
serves for one of these purposes will also serve for the 
other. In the experiment above described, the plate next 
the eye is the analyzer. The usual process in examining 
light with a view to test whether it is polarized, consists 
in looking at it through an analyzer, and observing 
whether any change of brightness occurs as the analyzer 
is rotated. When the light of the blue sky is thus ex- 
amined, a difiference of brightness can always be detected 
according to the position of the analyzer, especially at the 
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distance of about 90° from the sun. In all such cases 
there are two positions, differing by 180°, which give a 
minimum of light, and the two positions intermediate 
between these give a maximum of fight. 

The extent of the changes thus observed is a measure 
of the completeness of the polarization of the light 

354. Polarization by Reflection. — Transmission 
through tourmaline is only one of several ways in which 
light can be polarized. When a beam of light is reflected 
from a polished surface of glass, wood, ivory, leather, or 
any other non-metallic substance, at an angle of from 50° 
to 60° with the normal, it is more or less polarized, and 
in like manner a reflector composed of any of these sub- 
stances may be employed as an analyzer. In so using it, 
it should be rotated about an axis parallel to the incident 
rays which are to be tested, and the observation consists 
in noting whether this rotation produces changes in the 
amount of reflected light 

Malui Polariscope (Fig. 122) consists of two reflectors 
A, B, one serving as 
polariier and the 
other as analyzer, 
each consisting of a 
pile of glass plates. 
Each of these reflec- 
• tors can be turned 
about a horizontal 
axis; and the upper 
one (which is the ana- 
lyzer) can also be 
turned about a verti- 
cal axis, the amount 
of rotation being 
measured on the hori- 
zontal circle CC. To 
obtainthemost power- 
ful effects, each of the reflectors should be set at an angle 
of about 33° to the vertical, and a strong beam of com- 
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mon light should be allowed to fall upon the lower pile in 
such a direction as to be reflected vertically upwards. 
It will thus fall upon the centre of the upper pile, and the 
angles of incidence and reflection on both the piles will 
be about 57°. The observer looking into the upper pile, 
in such a direction as to receive the reflected beam, will 
find that, as the upper pile is rotated about a vertical 
axis, there are two positions (differing by 180°) in 
which he sees a black spot in the centre of the field of 
view, these being the positions in which the upper pile 
refuses to reflect the light reflected to it from the lower 
pile. They are 90° on either side of the position in which 
the two piles are parallel; this latter, and the position 
differing from it by 180°, being those which give a maxi- 
mum of reflected light. 

355. Polarizing Angle — For every (non-metallic) 
reflecting substance there is a particular angle of incidence 
which gives complete polarization in the reflected light 
It is c^ed the polarizing angle for the substance in ques- 
tion, and is that angle of incidence for which the reflected 
and refracted rays are at right angles. 

356. Double Refraction.— Many crystals possess 
the property that rays refracted into them are split up 
into two parts which take different directions, so that 
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objects looked at through such crystals often appear 
double, as in Fig. 113, which represents printed words as 
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Fig. 134. 



seen through a rhomb of Iceland-spar. This phenomenon 
is called double refraction. In every case the two ra)rs 
obtained by double refraction are completely polarized, 

and their planes of polarization 
are at right angles to each 
other. 

357. Nicors Prism. — 
One of the most efficient 
polarizers and analyzers is 
NicoPs prism, which is made 
by slitting a rhomb of Iceland- 
spar along a diagonal plane 
adcd {Fig. 124), and cementing 
the two pieces together with 
Canada balsam. The critical 
angle ot total reflection (art. 
267) for a ray passing out of 
the crystal into the balsam, de- 
pends on the relative index of 
refraction from one of these 
media to the other. This index 
is different for the two rays into 
which the incident ray S I is split up by the double re- 
fraction of the crystal; hence an angle of incidence, which 
is small enough for the transmission of one of them, may 
cause total reflection of the other. The courses taken by 
the two rays are indicated in the figure. One of them 
is totally reflected on meeting the Canada balsam, and 
passes out of the crystal on one side; the other ray is 
refracted through the balsam, and finsdly emerges at the 
opposite end of the prism from that at which it entered. 

• 358. Colours produced by Polarization 

There are several ways in which beautiful displays of 
colour can be obtained by means of polarized light, — 
usually by introducing a thin slice of a crystal between 
the polarizer and analyzer. The explanation of these 
phenomena is too intricate for an elementary treatise. 
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EXAMPLES IN LIGHT. 



XXX. — Reflection by Plane Mirrors. 

Arts. 255-260. 

1. Two parallel plane mirrors face each other at a dis- 
tance of 3 feet, and a small object is placed between them 
at a distance of i foot from the first mirror, and therefore 
of 2 feet from the second. Calculate the distances, from 
the first mirror, of the three nearest images which are 
seen in it; and make a similar calculation for the second 
mirror. 

2. Two plane mirrors contain an angle of 160°. Show 
that the number of images which they form of a small 
object placed between them will vary with the position of 
the object 

3. Show that a person standing upright in front of a 
vertical plane mirror will just be able to see his feet in it, 
if the top of the mirror is on a level with his eyes, and 
its height from top to bottom is half the height of his eyes 
above his feet. 

4. A square plane mirror hangs exactly in the centre ot 
one of the walls of a cubical room. What must be the 
size of the mirror that an observer with his eye exactly 
in the centre of the room may just be able to see the 
whole of the opposite wall reflected in it except the part 
concealed by his body. 

XXXI. — Refraction. Arts. 264-279. 

I. The sine of 45** is V|, or 707 nearly. Hence, 
determine whether a ray incident in water at an angle of 

14 
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45** with the surface will emerge or will be reflected; and 
determine the same question for a ray in glass. 

2. If the index of refraction from air into crown-glass 
be i^, and from air into flint-glass if, find the index of 
refraction from crown-glass into flint-glass. 

3. The index of refraction from water into oil of tur- 
pentine is I'll; find the index of refraction from air into 
oil of turpentine. 

4. The index of refraction for a certain glass prism is 
1*6, and the angle of the prism is 10°. Find approxi- 
mately the deviation of a ray refracted through it nearly 
symmetrically. 

XXXII. — Image by Refraction at Plane Surface, 

Arts. 280, 281, and 299-301. 

(The index of refraction of glass is to be taken as {.) 

1. A speck in the interior of a piece of plate -glass 
appears to an observer looking normally into the glass to 
be 2 mm. from the near surface. What is its real distance? 

2. The rajrs of a vertical sun are brought to a focus by 
a lens at a distance of i foot from the lens. If the lens 
is held just above a smooth and deep pool of water, at 
what depth in the water will the rays come to a focus? 

3. A mass of glass is bounded by a convex surface, and 
parallel rays incident nearly normally on this surface come 
to a focus in the interior of the glass at a distance a. 
Find the focal length of a plano-convex lens of the same 
convexity, supposing the rays to be incident on the 
convex side. 

XXXIII. — Spherical Mirrors. Arts. 282-292. 

1. Find the focal length of a concave mirror whose 
radius of curvature is 2 ft, and find the position of the 
image of a point 15 inches in front of the mirror. 

2. Find the position of the image of a point 10 ft in 
front of the same mirror. 
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3. Find the position of the image of a point 9 in. in 
front of the same mirror. 

4. Find the position of the image of a point i in. in 
front of the same mirror. 

5. Calling the diameter of the object unity, find the 
diameters of the image when the distances of the object 
from the mirror are those stated in questions i, 2, 3, 4. 

XXXIV. — Lenses. Arts. 299-308. 

1. Compare the focal lengths of two lenses of the same 
size and shape, one of glass and the other of diamond, 
their indices of refraction being respectively i'6 and 

2*6. 

2. If the index of refraction of glass be f , show that 
the focal length of an equi-convex glass lens is the same 
as the radius of curvature of either face. 

3. The focal length of a convex lens is i ft Find the 
positions of the image of a small object when the distances 
of the object from the lens are respectively 20 ft., 2 ft., 
and I J ft Are the images real or virtual? 

4. When the distances of the object from the lens in 
last question are respectively 11 in., 10 in., and i in., 
find the distances of the image. Are the images real or 
virtual? 

5. Calling the diameter of the object unity, find the 
diameter of the image in the six cases of questions 3, 4, 
taken in order. 

6. Show that, when the distance of an object from a 
convex lens is double the focal length, the image is at the 
same distance on the other side. 

7. The object is 6 ft. on one side of a lens, and the 
image is i ft. on the other side. What is the focal length 
of the lens? 

8. The object is 3 in. from a lens, and its image is 18 in. 
from the lens on the same side. Is the lens convex or 
concave, and what is its focal length? 

9. The object is 12 ft from a lens, and the image i ft 
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irom the lens on the same side. Find the focal length, 
and determine whether the lens is convex or concave. 

10. A person who sees best at the distance of 3 ft, 
employs convex spectacles with a focal length of i ft. 
At what distance should he hold a book, to read it with 
the aid of these spectacles? 

11. A person reads a book at the distance of i ft with 
the aid of concave spectacles of 6 in. focal length. At 
what distance is the image which he sees? 

XXXV. — Telescopes. . Arts. 293-298 and 309-314. 

1. The objective of a telescope has a focal length of 
20 ft What will be the magnifying power when an eye- 
piece of half-inch focus is used? 

2. Show that if the two specula of a Gregorian tele- 
scope have the same focal lengths as those of a Casse- 
granian' telescope, the distance between the two specula 
is greater in the Gregorian than in the Cassegranian by 
twice the focal length of the smaller speculum. 

3. Show that if the two lenses of an astronomical 
refractor have the same focal lengths as those of a Gali- 
lean telescope, the Galilean telescope will be shorter than 
the other by twice the focal length of the eye lens. 



ANSWERS TO EXAMPLES IN LIGHT. 

XXX. — Ex. I. I, 5, and 7 ft. behind first mirror; 2, 4, and 
8 ft behind second. Ex. 2. If the object be within 20** of 
either mirror there will be three images. If it be more than 
20" from both there will be only two. Ex. 4. Side of mirror 
must be i of edge of cube. 

XXXI. — Ex. I. The ray in water will emerge, because | is 
greater than 707; the ray in glass will be totally reflected, 
because f is less than 707. Ex. 2. yi- Ex. 3. 1*48. 
Ex. 4. 6^ 

XXXII. — Ex. I. 3 mm. Ex. 2. i ft 4 in. Ex. 3. 3 a. 



LIGHT. 213 

XXXIII.— Ex. I. Focal length i ft.; image 5 ft. in front of 
mirror. Ex. 2. li ft. in front of mirror. Ex. 3. 3 ft, behind 
mirror. Ex. 4. i-A* in. behind mirror. Ex. 5. 4, J, 4, i A. 

XXXIV. — Ex. I. Focal length of diamond lens is f of 
focal length of glass lens. Ex. 3. i A ft., 2 ft., 3 ft. on other 
side of lens. All real. Ex. 4. 11 ft., 5 ft., tt ft. on same 
side of lens. All virtual. Ex. 5. ^, i, 2, 12, 6, It^, Ex. 
6. Itt. Ex. 7. ^ ft. Ex. 8. 3^ in., convex. Ex. 9. lyr ^v 
concave. Ex. 10. 9 in. Ex. 11. 4 in. 

XXXV. — Ex. I. 480 diameters. 
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359. It is a matter of every-day observation that sound 
is connected with vibration. A bell, a tumbler, or a tuning- 
fork, when emitting a musical note, is instantly rendered 
silent by damping its vibrations with the finger. Every 
sound has its origin in the vibrations of the body which 
emits it. 

PROPAGATION OF SOUND. 

360. The propagation of sound from the sonorous 
body to the ear is usually effected by means of the inter- 
vening air; and if a bell suspended by a string of loose 
texture is struck in the vacuum furnished by an ordinary 
air-pump, scarcely any sound is heard. 

Other elastic bodies as well as air and gases are, how- 
ever, capable of propagating sound. The sound of a bell 
struck under water has been propagated through the 
water to a distance of several miles, and an ear applied to 
one end of a log of timber (if not rotten) hears the scratch 
of a pin on the other end. Such bodies as cloth, rotten 
wood, ashes, or cotton wool, destroy sound very quickly, 
and air when full of snow-flakes extinguishes sound at 
comparatively short distances. The transmission of sound 
is effected by means of vibrations of successive portions 
of the medium through which it travels, and when sound 
is extinguished there is probably a production of heat 
equivalent in amount to the sonorous energy destroyed. 

361. Velocity of Sound. — The velocity of sound 
in air has been repeatedly measured by observing the 
interval which elapses between seeing the flash of a gun 
fired at night at a distance of several miles and hearing 
the report This velocity varies with the temperature — 
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being greatest when the air is warmest — but is independent 
of the barometric pressure. At the mean temperature of 
this country (say 10** C. or 50° F.) it is about iioo feet 
or 340 metres per second. 

362. Velocity in Water.— The velocity of sound 
in water was measured in 1826 at the Lake of Geneva. 
Two boats were moored at a distance of 13,500 metres 
(between 8 and 9 miles). One of them carried a bell 
weighing about 140 lbs., immersed in the lake. Its 
hammer was moved by an external 

lever, so arranged as to ignite a small \ Fig. 125. 

quantity of gunpowder at the instant 

of striking the bell. An observer 

in the other boat was enabled to 

hear the sound by applying his ear 

to the extremity of a trumpet-shaped 

tube (Fig. 125), having its lower end 

covered with a membrane, and facing 

towards the direction from which 

the sound proceeded. By noting 

the interval between seeing the flash 

and hearing the sound, the velocity was found to be 

1435 nietres per second, or more than four times the 

velocity in air. 

363. Pulses. — The mechanism by which sound is 
propagated through the air may be thus described. If 
the air at one point or over one smface is suddenly com- 
pressed or expanded, its pressure is thereby rendered 
either greater or less than that of the air around. The 
contiguous air is accordingly pushed either from or towards 
the source. This movement destroys the equilibrium of 
the next layer of air, which in its turn is pushed from its 
place, thus producing a similar displacement of the next, 
and so on. What is called a pulse or wave is thus pro- 
pagated through the air, and it is very important for the 
student in commencing the study of acoustics to form a 
clear idea of what is meant by a pulse. 

364. One of the best ways of exhibiting a pulse is to 
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suspend a long indian-nibber cord in such a position that 
it is straight or nearly so (it may be either horizontal, ver- 
tical, or inclined), and to strike it sharply near one end. 
A pulse will be seen to run along the cord to the other 
end. A pulse can also be made to run along a rope 
lying on the ground by lifting one end with the hand and 
giving it a sudden throw without letting go of it. 

When such pulses as these travel along a cord, each 
point of the cord moves to one side and back again while 
the pulse is passing it Pulses which are propagated 
through air differ from these inasmuch as the particles of 
air through which a pulse passes do not move sideways, 
but forwards and backwards; in other words, their motion 
is not perpendicular but parallel to the line along which 
the pulse travels. Their velocity even when at its maxi- 
mum is extremely small compared with the velocity of the 
pulse; and the distances that they are moved by the pulse 
is extremely small, whereas the distance that the pulse 
travels may be very great. Although the propagation of 
a pulse implies the movement of &e matter or medium 
through which it travels, its velocity must therefore not 
be confounded with the velocity of the particles of this 
medium. The velocity of a pulse is not the velocity 
with which matter moves, but is the velocity with which a 
form or change of condition moves through matter. 

365. Undulation. Waves. — ^A series of pulses 
travelling through the same portion of matter in regular 
succession constitute an undulation^ and if an undulation 
can be divided into successive parts which are alike or 
nearly alike, these successive parts are called waves, A 
pulse may be either a wave or part of a wave; for example, 
a wave may and often does consist of a pulse of compres- 
sion followed by a pulse of extension. 

366. Period. Wave-length. Phase. — ^When a 
series of waves all precisely alike are traversing a medium, 
each particle of the medium is kept in a continual state ot 
vibration — that is, of movement to and fro, or roimd and 
round — and the successive vibrations of any one particle 
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are all precisely alike. The time that a particle takes to 
go through one complete cycle of motions is called the 
periodic time^ or simply the period^ and is the same for all 
the particles. Every particle is in the same condition at 
the end of a period as at its beginning. 

The length of a wave, or the wave-lengthy of a series of 
similar waves, is the distance, measured in the direction 
in which the waves are travelling, between any particle 
and the next particle that is in precisely the same con- 
dition, or, to use technical language, in the same phase. 
Thus, if a number of .similar waves are traversing a sheet 
of water, the distance, in a straight line, from the crest of 
one wave to the crest of the next is a wave-length. 

367. Relation between Velocity, Wave- 
length, and Period. — The number of waves that pass 
a particle in a given time — say in one second — is the 
same as the number of complete vibrations made by the 
particle in that time. Hence during one period — the 
time of one complete vibration — the waves advance a 
distance of one wave-length; and the velocity of the undu- 
lation^ or the distance advanced by the waves in the unit 
of time, will be the product of the wave-length by the num- 
ber of vibrations in the unit of time. 

368. Simple Waves. — When waves are of such a 
character as to produce the impression of a single musical 
tone unmixed with others, each wave consists of four parts, 
which are reversed copies of each other, like ab, be, cdy 
d e in the annexed figure (Fig. 1 26). b may denote a point 

Fig. Z26. 




of maximum density, d a point of minimum density, and 
a and c two points at the natural or undisturbed density. 
The distance (measured in a straight line in the direction 
in which the waves travel) from a point of maximum or 
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minimum density to a point of undisturbed density is 
therefore a quarter of a wave-length. 

369. In a medium traversed by such a system of waves, 
a complete vibration of any particle consists (like a com- 
plete vibration of an ordinary pendulum) of four parts, 
which are reversed copies of each other. 

In the case of waves on the surface of a sheet of water, 
each particle moves in an ellipse lying in a vertical plane; 
and if A A', B B' be the two axes of the ellipse, the four 
movements are (i) from A to B, (2) from B to A', (3) from 
A' to B', (4) from B' to A. 

In the case of sound-waves travelling through air the 
four parts are (i) from the middle to one extreme, (2) 
from this extreme back to the middle, (3) from the middle 
to the other extreme, (4) from this extreme back to the 
middle. 

370. The movement in this case precisely resembles 
the movement of any point of an ordinary pendulum 
vibrating through so smdl an angle that the path of each 
particle is sensibly a straight line; and as in the case of 
such a pendulum, so also for the vibrating particle, the 
periodic time is independent of the amplitude^ that is of 
the distance of the extreme positions from the middle position. 
If the sound is produced in the open air, and is more 
loudly heard near than at a distance, the amplitude will 
be greater near than at a distance, but the periodic time 
will be the same. 

REFLECTION OF SOUND. 

371. There are two opposite ways in which sound can 
be reflected. 

If a pulse of compression travelling through a tube 
meets a solid obstacle which closes the end of the tube, 
it is sent back upon its course with perhaps a loss of in- 
tensity, but, upon the whole, in the same shape in which 
it arrived — that is, as a pulse of compression; and in like 
manner a pulse of extension is reflected as a pulse of ex- 
tension. Such reflection may be os^tA positive. 
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On the other hand, if a tube is open at the end, a pulse 
travelling through the tube, when it arrives at this end is 
reflected in the opposite shape to that in which it arrived. 
For instance, a pulse of compression bursts out with so 
much vigour that it produces extension behind it, and a 
pulse of extension is thus originated which travels back 
through the tube. A compression is thus reflected in the 
shape of an extension, and an extension in like manner is 
reflected in the shape of a compression. Such reflection 
may conveniently be called negative. Negative reflection 
also occurs in the case of transverse pulses travelling along 
a string, and reflected from the end, when the latter is 
attached to a solid support. This can easily be exhibited 
to the eye by the experiment already described with the 
indian-rubber cord (art. 364). If, for instance, the cord 
be horizontal, a pulse of depression, produced by striking 
the cord sharply on its upper side, will, on arriving at the 
end, be reflected in the shape of a pulse of elevation — a 
protuberance on the opposite side of the cord to the 
original protuberance. 

372. Direction of Reflection. — The direction of 
reflected sound follows the same law as the direction of 
reflected light. That is to say, when sound-waves meet 
a reflecting surface, the normal to this surface at any point 
of incidence bisects the angle between the directions of 
the incident and the reflected waves. This can be illus- 
trated by hanging a watch in the focus of a parabolic 
reflector. Its ticking will be audible at a great distance 
directly in front, but not in other directions. 

373. Echo. — Echo is a familiar illustration of the re- 
flection of sound; and the time which elapses between 
uttering a shout and hearing its echo is the time required 
by sound to travel over double the distance from the 
shouter to the reflecting body. 

RESONANCE. 

374. An inclosed or partially-inclosed body of air has 
one or more tones to which it naturally resounds. For 
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example, a tube open at one end and closed at the 
other, resounds (that is, the air within it resounds) to a 
tone whose wave-length in air is about four times the 
length of the tube. If a tuning-fork producing this tone 
be held opposite the open end, the resonance of the tube 
will greatly strengthen the sound. This is explained by 
the circumstance that a pulse travelling through the tube 
and reflected from the ends will have run over four times 
the length of the tube before its cycle of changes, is com- 
pleted. A pulse propagated from the open to the closed 
end is there positively reflected, and travels back to the 
open end in its original shape. On arriving at the open 
end it is negatively reflected (art. 371), and in its reversed 
shape again travels over twice the length of the tube. On 
its next arrival at the open end a second negative reflec- 
tion restores it to its original shape. 

A single pulse once started is competent to produce in 
this way a long series of reflected pulses, each a little 
weaker than its predecessor; and on each arrival at the 
open end a pulse is emitted into the surrounding air. 
The tuning-fork originates a series of pulses which keep 
time with these arrivals. The successive reflections of a 
number of original pulses are thus blended together, and 
the waves emitted from the mouth of the tube have con- 
sequently very much greater amplitude than those pro- 
duced by the unaided fork. 

On the same principle, a heavy body hung by a cord 
can be set swinging through a large arc by a succession 
of feeble impulses so timed as always to help it on its way. 
This principle is one of very extensive application in 
acoustics as well as in other parts of physics. Any mode 
of vibration which a body can keep up of itself when once 
started is called a natural mode of vibration of the body; 
and every such mode of vibration is easily excited even 
by very feeble external action, if regularly applied to the 
body at intervals precisely equal to the periodic time. 

375. Tube open at Both Ends. — For the body 
of air within a tube open at one end and stopped at the 
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Other, the periodic time is, as we have seen, approximately 
equal to tiie time in which a pulse would travel in air 
through a distance equal to four times the length of the 
pipe. 

In a tube open at both ends, a pulse propagated from 
one end to die other is there negatively reflected, and 
returns to the first end in reversed shape. It is there 
again negatively reflected and restored to its original 
shape. The whole distance travelled in the periodic 
time is therefore twice the length of the tube. The 
periodic time for a tube open at both ends is therefore 
only half the periodic time for a tube of the same length 
open at one end and stopped at the other. 

376. Open Organ-pipes. — In all wind-instruments 
except those which belong to the reed 
class (art. 378), the pitch of the sound ^i«- "7- Fig. 128. 
emitted depends upon the dimensions 
and form of a vibrating column of 
air. Figs. 127, 128 represent the 
commonest form of organ-pipe. The 
wind enters at / and passes into a 
small chamber, from which it issues 
through a narrow opening or slit, which 
is nearly opposite the sharp edge of 
the wedge-shaped piece ^, called the 
Hp, The wind issuing from the slit 
grazes the lip, and would produce a 
mere puffing sound of no musical 
character were it not for the resonance ^1 I^Hfr 

of the column of air in the body of 
the pipe T. The puffing sound to 
which we have alluded is in fact a 
confused mixture of a number of faint 
sounds, among which the tone to which the column of air 
resounds is one. The tone actually produced is accord- 
ingly that to which the column of air resounds. Its wave- 
length is rather more than double the length of the body 
of the pipe. 



377- Stopped Pipe. — Pipes of the kind just described 

are called open. A stopped organ-pipe 

Fi*- '>9. differs from one of these in having an air- 

.^^mA tight piston, or stopper, at its upper end; 
and the tuning of such pipes is effected 
by pushing the stopper further in or draw- 
ing it further out It gives a tone whose 
wave-length is rather more than four times 
the length of the body of the pipe, or twice 
as great as that of the same pipe when 
unstopped. 

378. Reed Pipe — Fig, 129 represents 
a reed oi^an-pipe, with its different parts 
separated. The wind enters at the lower 
end, and escapes from the body of the pipe 
/ through the reed r. / is a diin me^lic 
spring called the tongue, which, when no 
wind is passing, leaves a narrow opening 
between itself and the edges of the tube r. 
When the pipe is blown, the tongue vibrates, 
and the passage for the wind is alternately 
opened and closed. The air, being thus 
compelled to escape in bursts, is thrown 
mto forced vibration, the period of which 
IS the same as that of the vibrations of the 
tongue. The tongue, however, does not 
vibrate exactly in its own natural period, 
but is influenced by the natural resonance 
of the body of air in the pipe, e is a sliding 
wire for tuning the pipe by lengthening or 
shortening the portion of the tongue which 
IS free to vibrate. 

To obtain a good note, there ought to 
be but little difference between the natural 
period of the vibrating tongue and that of 
the resonant air. The shape of the tongue 
is also very materia!. It ought to come in 
contact with the edges of the tube by rolling itself down 



upon them, and not by striking along its whole length 
at once. 

379. Free Reed — The above is the kind of reed 
chiefly used for oi^ans. In the harmonium 

and concertina the sound is produced by free ^'* 'sc- 
reeds, one of which is represented in Fig. 130. S^H 
It is called ^or because the tongue //has room B-tH 
to pass completely through the opening which H^^S 
it covers, and vibrates backwards and for- B^~B 
wards through this opening without striking the H -9 

FITCH, AND MUSICAL INTERVALS. 

380. Pitch.^Regulaiityof recurrence is the character- 
istic which distinguishes musical sounds from unmusical 
noises, and the number of recurrences in a given time 
determines the pitch of the sound. If two vibrating bodies 
make the same number of vibrations per second, the 
sounds emitted by them will have the same pitch, how- 
ever much they may differ in other respects. 

The normal human voice produces from about 80 to 
about 800 vibrations per second; the former number 
corresponding to a very deep bass, the latter to a very 
high treble, 

381. Interval of the Octave. — When two notes 
■ differ in pitch by an mt/ow, the upper one has exactly 

twice as many vibrations as the lower. Thus, the middle 
C of the bass has laS vibrations per second, the tenor C 
256, and the treble C, or an ordinary C tuning-fork, 512.' 

382. Consonance and Dissonance.— Two notes 
of the same pitch when sounded together are said to be 
in unison, and two notes of different pitch when sounded 

' Some musicians adopt a higher standard of pilch itian others. The 
treble C varies from about 500 up to about 546, according to the standard 
adopted. We have adopted in the text what is sometimes called the 
tkeoreticat pitch. It is that adopted by the best makers of acoustic 
apparatDS, and is defined by the rule that every power of 3 is ibe number 
of vibrations per second of one of the octaves of C. 
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together are either consonant or dissonant The former 
name is applied when the combination produces a smooth 
and pleasing effect, the latter when the effect is jarring 
and displeasing. The epithets "consonant" and "dis- 
sonant" are often applied to the interval between the two 
notes as well as to tJie notes themselves. The octave is 
a very perfect consonance; and a small deviation from 
exactness converts it into a very offensive dissonance. 
This interval can therefore be judged by the ear with great 
precision. 

383. Interval of the Fifth. — Next in importance 
to the octave among musical intervals may be reckoned 
the fifth. It is the interval between two notes whose 
vibrations (in a given time) are as 2 to 3. It forms (like 
the octave) a very smooth combination, and one which 
a small error suffices to convert into decided dissonance. 

384. Gamut. — The notes of the major scale, when 
not altered and accommodated to suit the imperfections 
of keyed instruments, are represented by the following 
series of numbers, — 

24, 27, 30, 32, 36, 40, 45, 48 

That is to say, the numbers of their respective vibrations 
in a second (or other fixed time) are proportional to the 
numbers in Uiis list. 

The names major second, major third, major fourth, &c., 
are given by musicians to the intervals from the first note 
of this scale to the second, third, fourth, &c. Thus the 
major second is expressed by the ratio fj, or in lowest 
terms f, the major third by ^ or |, the major fourth by 
4t or ^, the major fifth by ff or f , the major sixth by 
U or 4, the major seventh by ^ or Y, and the octave 
by 41 or f . 

If we calculate the intervals between the successive 
notes of the scale, we find them (in lowest terms) to stand 
as follows: — 

10 10 10 16 
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385. Temperament. — The first or lowest note of 
the above scale (represented by 24) is called the key- 
note^ and the same name is given to every note which is 
an octave or any exact number of octaves above or below 
it. The scale in fact repeats itself over and over again 
(like the figures of a circulating decimal), so that notes 
which differ by an octave, or any exact number of octaves, 
are similarly related to their respective neighbouring notes, 
and are often spoken of as identical. 

As different pieces of music have not all the same key- 
note, it is necessary to provide means for shifting the 
above scale (or something like it) up and down the range 
of keys on a piano or organ. This cannot conveniently 
be done without a sacrifice of exactness, called tempera- 
ment^ and it is customary in the present day to employ a 
system of tuning (called eqtml temperament)^ which favours 
no one key-note above another. The interval from the 
key-note (24) to its octave (48), instead of being divided, 
as above, into 7 parts having 3 different lengths (f, ^^^, 
and ^), is divided into 12 parts, as nearly equal as the 
tuner can make them. Each of these parts is called a 
setnitone^ and two of them together make a tone^ in the 
sense in which this wtord is used by practical musicians. 
The series of intervals 

tone^ tone, semitone, tone, tone, tone, semitone 

is employed instead of the series 

10 18 10 16 

The tone of this system is intermediate between |- and 
y , but much nearer to the former. The semitone is con- 
siderably less than -J^- 

Equal intervals are those which are denoted by equal 
ratios. Hence to find what interval is double of the 
interval \^ we must square .the fraction ^; this gives 
•Ht» o^ ^Trt9 which is intermediate between i^ and i\. 
Hence the interval -Jr ^ niore than half the interval f . 

386. Methods of Counting Vibrations. The 

16 
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Siren. — The instiument which is chiefly employed for 
counting the vibrations of a given sound is die siren of 
Cagniai^ de Latour. It is represented in Figs. 131, 132, 
the former being a front and the latter a back view. 

There is a small wind-chest, nearly cylindrical, having 
its top pierced with 15 holes, disposed at equal distances 
round file circumference of a circle. Just over this, and 




nearly touching it, is a movable circular plate, pierced 
with the same number of holes similarly arranged, and so 
mounted that it can rotate very freely about its centre, 
carrying with it the vertical axis to which it is attached. 
This rotation is effected by the action of the wind, which 
enters the wind-chest from below and escapes through 
the holes. The form of the holes is shown by the section 
in Fig. 13a, They do not pass perpendicularly through 



the plates, but slope contrary ways, so that the air, when 
forced through the holes in die lower plate, impinges upon 
0R£ side of the holes in the upper plate, and thus blows it 
round in a definite direction. The instrument is driven 




by means of the bellows shown in Fig. 133. As the rota- 
tion of one plate above the other causes the holes to be 
alternately opened and obstructed, the wind escapes in 
successive puffs, 1 5 to each revolution, A sound 15 thus 
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produced whose pitch is defined by the number of puffs 
in a second. — Fig. 132 shows the mechanism for register- 
ing the number of revolutions. The shaft of the revolving 
disk carries an endless screw, driving a wheel of 100 teeth, 
whose axle carries a hand traversing a dial marked with 
100 divisions. Each revolution of the perforated disk 
causes this hand to advance one division. A second 
toothed wheel is driven intermittently by the first, advanc- 
ing suddenly one tooth whenever the hand belonging to 
the first wheel passes the zero of its scale. This second 
wheel also carries a hand traversing a second dial, and at 
each of the sudden movements just described this hand 
advances one division. Each division accordingly indi- 
cates 100 revolutions of the disk, or 1500 vibrations. By 
pushing in one of the two buttons which are shown, one 
on each side of the box containing the toothed wheels, 
we can instantaneously connect or disconnect the endless 
screw and the first toothed wheel. 

In order to determine the number of vibrations per 
second corresponding to any given sound which we have 
the power of maintaining steadily, we fix the siren on the 
bellows, leaving the recording apparatus out of gear, and 
drive the siren until the note which it emits is judged to 
be in unison with the given note. We then, either by 
regulating the pressure of the wind or by employing the 
finger to press with more or less friction against the 
revolving shaft, contrive to keep the note of the siren 
constantly in unison with the other for a measured interval 
of time, which we observe by a watch. At the commence- 
ment of the measured time we suddenly throw the record- 
ing apparatus into gear, and at its termination we suddenly 
throw it out of gear. The initial and final readings of 
the dials are noted down,, units and tens being read from 
the one dial, and hundreds and thousands from the other, 
and their difference is the number of revolutions made in 
the measured interval of time. The number of vibrations 
is 15 times this, hence the number of vibrations per 
second can be computed. 



387. Vibroscope. — The vibrations of a spring or a 
tuning-fork can be made to record themselves in the form 
of a sinuous curve by the method illustrated in F^. 134. 
A light style A is attached to the end of the spring, and 




a drum E F covered with smoked paper is fixed in such 
a position that the style just touches the surface of the 
paper. The spring is set in vibration by a fiddle-bow or 
otherwise, and the cylinder is then turned by means of 
its handle. The trace thus obtained is usually similar to 
the curve of art. 368, and each complete vibration of the 
spring gives one complete wave-form of the curve. The 
screw V on which the cylinder is mounted causes it to 
advance lengthwise when turned, and thus successive 
traces do not interfere. 

This apparatus (called the vibroscope) is well adapted 
for compa^g the numbers of vibrations made by two 
tuning-forks in the same time. 
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COMPOSITION OF VIBRATIONS. 

388. Interference of Undulations. — ^When two 
sounds reach the same point in the air, the disturbance of 
density at this point is the sum of the disturbances due to 
the two sounds considered separately. For instance, if 
one sound produces at a given instant a compression 
amounting to '003 of the undisturbed density, and the 
other a compression amounting to '001, the actual com- 
pression mil be '004; or if one produces a compression 
of '003, and the other an extension of '001, the actual com- 
pression will be '002. 

In like manner, if the velocities of a given particle due 
to the two sounds at a given instant are respectively '003 
and 'ooi, the actual velocity of the particle will be '004 
if the velocities are in the same direction, and '002 if they 
are in opposite directions. If they are neither in the 
same nor opposite directions, but make an angle with 
each other, the actual velocity will be found by the 
parallelogram of velocities. 

389. Compression Associated Tvith Forward 
Velocity. — Fig. 135 represents, in an exaggerated form, 
the successive phases of an undulation propagated through 
7 particles A B C D E F a originally equidistant, the dis- 
tance from the first to the last being one wave-length. 
The diagram is composed of 13 horizontal rows, the 
13th being merely a repetition of the first, and the suc- 
cessive rows represent the positions of the particles at 
successive times, the interval of time from each row to 
the next being -^ of the period of a vibration. 

In the first row, A and a are points of maximum com- 
pression, and D is a point of maximum extension. In 
the third row, the maximum compression is at B and the 
maximum extension at E. In the fifth row the compres- 
sion and extension have advanced by one more letter, 
and so on to the end of the diagram, which is precisely 
similar to the beginning. 

The velocities of the particles can be estimated by the 
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comparison of successive rows. It is thus seen that the 
greatest forward velocity is at the points of maximum 

Fig. 135. 

fr B C D E r fl^ 

AB C D Z fa 

AB C D t Fa 

A BC D E r a 

A BCD E fa 

A B CD E r a 

A B CDE F a 

A B C DE F a 

A B Q DLf a 

A B C D EF <& 

ABC D EF^ 

A B C D E F^ 

ABC D E F 4t 

compression, that the greatest backward velocity .is at the 
points of maximum extension, and that there is no velo- 
city at the points of no compression or extension. Each 
particle has its greatest velocities, and greatest compres- 
sion and extension, in passing through its mean position, 
and comes for an instant to rest in its extreme positions, 
which are also positions of mean density. 

390. Interference of AVaves Travelling in 
Opposite Directions. — ^This relation between density 
and velocity leads to results of special importance when 
two sets of equal and similar waves travel in opposite 
directions through the same air. 

At the instants at which the two sets of waves concur 
as regards density, they are in complete opposition as 
regards velocity, because the "forward " direction for one 
set is identical with the " backward " direction for the 
other. At these instants the compressions and extensions 
are double of those due to either system separately, and 
all the particles are at rest. 

After the lapse of a quarter-period, the two sets of waves 
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will each have travelled a quarter wave-length, and their 
position relative to each other will have altered by a half 
wave-length. They will, therefore, be in complete oppo- 
sition as regards density, and consequentiy in complete 
accordance as regards velocity. There will be neither 
extension nor compression anywhere, but the velocities at 
all points will be double of those due to either set of 
waves separately. 

After the lapse of a second quarter-period, there will 
again be complete accordance as regards density, and 
opposition as regards velocity, but the maximum exten- 
sions and compressions will be half a wave-length distant 
from their positions at the instant first considered, — in 
other words, the extensions and compressions will have 
exchanged places. 

After the lapse of a third quarter-period, there will 
again be uniform density, and velocities double of those 
due to either set of waves separately; but these velocities 
will be in the opposite directions to those which occurred 
at the same points half a period earlier. 

After the Lapse of a fourth quarter-period things will be 
in the same state as at first. 

391. Nodes and Antinodes. — Undulation of this 
kind is called stationary. At certain fixed points called 
nodes there is permanent rest, with disturbance of density 
always double of that due to either set of waves separately. 
At other fixed points called antinodes there is permanent 
natural density, with velocity always double of that due to 
either set of waves separately. The distance between a 
node and the nearest antinode in either direction is a 
quarter wave-length. 

The distance between two consecutive nodes, or be- 
tween two consecutive antinodes, is half a wave-length. 
Two consecutive nodes are in constant opposition as 
regards density, and two consecutive antinodes are in 
constant opposition as regards velocity. In fact, the air 
moves towards a node from both sides simultaneously, 
thus producing compression at this node and extension 
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at the two neighbouring nodes, and then moves away on 
both sides simultaneously, thus producing the opposite 
effects. 

39a. Application to Pipes. — We now proceed to 
apply these principles to the vibrations of the air in pipes. 

First At the stopped end of a pipe there is a node; for 
at the instant of maximum density due to an incident wave, 
there is also maximum density due to the reflected wave. 

Secondly, At the open end of a pipe there is an anti- 
node; for at the instant of maximum density due to an 
incident wave, there is minimum density due to the 
reflected wave, inasmuch as the reflection is negative. 

393. Tones of Open Pipe. — In a pipe open at 
both ends, there is an antinode at each end, and therefore 
the length of the pipe is either half a wave-length, or some 
multiple of half a wave-length. 

In a pipe open at one end and stopped at the other, 
there is a node at one end and an antinode at the other, 
hence the length of the pipe is either a quarter of a wave- 
length, or an odd multiple of a quarter of a wave-length. 

Let / denote in each case the length of the pipe, and 
X the wave-length of one of its tones; then if the pipe be 

open at both ends, we have / equal either to — , or — , or 

2-, or ^, or ^^ &c.; whence X is equal either to 2/, 

or ^, or — , or — , or ^, &c.; and if v denote the velocity 

of sound, the number of vibrations per second is either 

-^, or^, or ^^, or ^, or ^, &c., which are as the series 
2/' 2/' 2/' 3/' 2/' ' 

of whole numbers i, 2, 3, 4, 5, &c. 

394. Tones of Stopped Pipe. — If the pipe be 
stopped atone end and open at the other, we have X equal 

either to — , or ^, or ^, &c.; whence X is equal either to 
. / 4 - / 4 4 

4/ or ^, or ^, &c.; and the number of vibrations per 
second is either — ^ or ^^ or ^ &c., which are propor- 
tional to the series of odd numbers i, 3, 5, &c. 
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395. Fundamental Tone and Overtones. — 
In each case the lowest tone is called the fundamental 
tone, and the others are called overtones. It it easy, by 
blowing with different degrees of strength, to produce 
several overtones from a pipe which is narrow in proportion 
to its length. 

396. Practical Correction. — In wide pipes it is 
necessary to make allowance for lateral vibration, the 
effect of which is to make all the tones — and especially 
the overtones — deeper than they would be according to 
the above calculations. 

397. Beats. — When two notes which are nearly, but 
not quite, in unison, are sounded together, a peculiar 
throbbing effect is produced; we hear bursts of sound, 
with intervals of comparative silence between them. The 
bursts of sound are called beats, and the notes are said to 
beat together. If we have the power of tuning one of the 
notes, we find that as they are brought more nearly into 
unison the beats become slower, and that, as the departure 
from unison is increased, the beats become more rapid, 
till they degenerate first into a rattle and then into a dis- 
cord. The effect is most striking with deep notes. 

These beats are explained by the interference of the 
two systems of sound waves. Let one source of sound, 
for example, send to the ear 100 waves per second, and 
the other loi. Then, starting from an instant when the 
changes of density in tiie air close to the ear of the listener 
are concurrent, one of the two systems of waves gradually 
falls behind the other at the rate of one wave-length per 
second. After the lapse of half a second they will be in 
complete opposition, and after another half-second they 
will again be in complete accordance. A beat is heard 
when they are in accordance, and extinction occurs when 
they are in opposition. The number of beats is therefore 
equal to the number of vibrations that one source gains 
upon the other. 

398. Theoretical Computation of Velocity of 
Sound. — The velocity of sound in fluids (whether liquids 
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or gases) depends on the two elements density and resist- 
ance to compression. It is inversely proportional to the 
square root of the density, and directly proportional to the 
square root of the resistance which the fluid opposes to 
being compressed. 

If a pressure of / dynes per square centimetre applied 
to the fluid produces a compression v (that is, reduces 

imit volume to volume i-v\ then ^ is called the resist- 

ance to compression^ or the coefficient of elasticity. Let this 
be denoted by E; then the velocity of sound in the fluid, 

in centimetres per second, will be /^d» ^ denoting its 
density. 

399. Application to Air. — ^When air is compressed 

at constant temperature, we have v = 4, where P denotes 

the pressure of the undisturbed air. For example, an 
additional pressure amounting to ywuts ^^ ^^ atmosphere 
will produce a compression amounting to ^^(ru ^^ *^^ 
original volume. Hence, for air compressed at constant 

temperature, we have ^ = P. 

On the other hand, when air is compressed adiabatically^ 
— ^that is, compressed without any interchange of heat 
with surrounding bodies, its temperature rises, and its 
resistance to compression is about i '41 times the resist- 
ance at constant temperature, — in other words, is 1*41 P. 

The compressions and extensions which accompany 
the propagation of sound are so transient that there is no 
time for the small differences of temperature which they 
produce to be diminished by conduction. Hence the 
adiabatic resistance to compression is that which must be 
employed in calculating the velocity of sound, and the 

expression for this velocity is ^^(1*41 ^), D denoting 

the density of air in grammes per cubic cm. at the pres- 
sure of P dynes per square cm. and at the actual tem- 
perature. 
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At the temperature o® C, D is '001276 when P is a 
million. Hence we find, at this temperature, 



^ = 7-838 xio«, 



^/ 



(1*41 ^) = 33240, which is accordingly the 
velocity of sound in centimetres per second in air at o®. 
At /° C, the value of ^ above given must be multiplied 

by I + '00366 /, and the velocity of sound is 

33240 V (1 + '00366/). 

p . 
Variations of barometric pressure do not affect ^, since 

pressure varies as density when temperature is constant; 
hence they do not affect the velocity of sound. 

400. Velocity in Gases determined by Ex- 
periments with Organ-pipes. — The pitch of an 
organ-pipe (except reed-pipes) rises with the temperature 
of the air; for the number of vibrations n made in unit 

time is equal to ^j ^ denoting velocity and X wave-length. 

But X is sensibly the same at all temperatures, hence n 
is simply proportional to v. 

On the same principle, the velocity of sound in any 
gas can be compared with its velocity in air; for if a pipe 
gives a note of n vibrations in air and of n' vibrations in 
the gas, the velocity of sound in air is to that in the gas 
as « to «'. In this way, the velocities in the principal 
gases have been determined, and have been found to be 
nearly in the inverse ratio of the square roots of their 
densities when compared at equal pressures. 

The departure from exactness is sufficiently decided to 
show that the ratio of the two coefficients of elasticity, 
which is about i'4i for air, has slightly different values 
for some other gases. 

VIBRATIONS OF STRINGS. 

401. Velocity of Pulses. — The vibration of a musi- 
cal string, like that of a column of air, can be resolved 
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into two coexistent series of equal waves, steadily travel- 
ling along the string in opposite directions, and reflected, 
with reversal of form, from 
the ends, as in Fig. 136. ^«- »36- 

A pulse started from any ^ 

part of the string will have 

travelled over twice the 

length of the string before -<^ 

returning to its original position and form. 

The velocity of a pulse along a musical string can be 
calculated by the formula 

^= -v/^; (A) 

where / denotes the tension of the string in dynes, m the 
mass of the string per centimetre of length in grammes, 
and V the velocity of the pulse in centimetres per second. 
402. Pitch of Fundamental Tone. — Let« denote 
the vibration-number, that is, the number of vibrations 
made per second, X the wave-length of either of the two 
series of waves which are travelling along the string in 
opposite directions, and / the length of the string; then 
by the general formula (art. 367) we have 

Putting for v its value a/^ and for X its value (for the 
fundamental tone) 2 /, we have 

«=r/ yi (C) 

This formula involves the following laws : — 

1. When the length / of the vibrating portion of the 
string (for this is the strict meaning of /) is altered with- 
out changing the tension, the vibration-number varies 
inversely as L 

2. When the tension is altered without sensible change 
of the length or mass of the vibrating portion, the vibra- 
tion-number varies as the square root of the tension, 

3. If the mass of a string be altered (for example by 
winding fine wire round it) without altering its tension, 
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the vibration-number varies inversely as the square root of 
the mass. 

4. Strings of the same material and of the same length 
will give the same note if they are stretched with forces 
directly proportional to their sectional areas. 

403. Overtones of Strings. — Besides the funda- 
mental mode of vibration (which jdelds the fundamental 
tone), a string has several other modes of free vibration 
(that is, of vibration which can be sustained for some time 
by the elasticity of the string when once started). In 
these modes of vibration there are nodes (that is, places 
of rest) not only at the two ends, but at one or more inter- 
mediate points which divide the string into equal por- 
tions. 

When a string vibrates in its fundamental mode pure 
and simple, its extreme positions are as represented by the 
continuous and the dotted line in Fig. 137. When it 

Fig. 137- 



Fig. 138. 
<^ ^>,jr-- -- 

vibrates in such a way as to give its second tone (or first 
overtone) its extreme positions are as represented by the 
continuous line ACNDB and the dotted line AC'ND'B 
in Fig. 138. The point N is held at rest by the equal 
and opposite pulls at its two sides, and each of the two 
halves of the string vibrates on its own account as if it 
were attached to a fixed point of suppon at N. The tone 
emitted is accordingly that due to a string of half the 
length of A B, and has twice as many vibrations per second 
as the fundamental tone. 

This mode of vibration can be induced by bowing 
either half of the string with a fiddle-bow, while the point 
N is lightly touched with the finger; and when it has 
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thus been induced it will be kept up for some time after 
both the bow and the finger are removed. 

In like manner by lightly touching it at ^, i, \, &c., of 
its length, the string can be made to divide into 3, 4, 5, 
&c., vibrating segments, and emit notes whose vibration- 
numbers are 3, 4, 5, &c., times that of the fundamental. 
The bow should be applied to one of the two extreme 
segments. 

In every case, the time of a vibration is the time of 
swinging from one extreme position to the other and back 
again, and the motion may either be in one plane or 
round and round, spindle-fashion. 

404. Compound Vibrations. — The vibrations of 
strings as actually employed in music, are usually com- 
pounded of several of these modes of free vibration. The 
middle and lower notes of a piano contain four or five 
overtones blended with the fundamental, and the notes of 
a violin contain a still larger number. , 

405. Sounding Boards. — Strings have so small a 
surface of contact with the air that, in order to produce 
sufficient sound, they require to be connected with some 
body of large surface capable of readily taking up their 
vibrations and transmitting them to the air. Wood, either 
in the form of a thin board (as the sounding-board of a 
piano,) or of a light box (as the body of a violin), is usually 
employed for this purpose. The action is somewhat 
analogous to the resonance of a column of air to a tuning- 
fork, but with the great difference that the column of air 
only resounds to certain special notes, whereas the board 
or box resounds to all notes lying within a wide compass, 
though rather more readily to some than to others. 

VIBRATIONS OF RODS AND PLATES. 

406. Vibrations of Rods. — A wooden rod, when 
held in the middle, and rubbed about half way between 
the middle and one end with chamois leather covered 
with powdered rosin, emits a musical note due to longi- 
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tudinal vibration of the rod. The rod, in fact, alternately 
stretches and contracts, the middle remaining stationary, 
while the two ends recede from it together and approach 
it together. The cross section at the middle is therefore 
a node, and the ends are antinodes. 

407. Determination of Velocity of Sound in 
Solids. — The time of a complete vibration is, just as in 
the case of a string or an open organ -pipe, the time that a 
pulse would occupy in travelling over twice the length of 
the rod. Hence, from observing the pitch of the note 
emitted, the velocity with which longitudinal pulses travel 
along the rod can be inferred. For example, if the note 
be C of 512 vibrations per second, and the length of the 
rod be 10 feet, a length of 20 feet is travelled over 512 
times in a second, and the velocity is 10,240 feet per 
second. This is one of the most convenient practical 
methods of determining the velocity of sound in solid 
bodies. 

The overtones of a rod follow the same law as those of 
an open organ-pipe. 

408. Vibrations of Plates. — The existence of nodes 
in a vibrating body is beautifully shown by firmly fixing a 
square plate of metal in the middle, and bowing its edge 
with a well rosined double-bass or violoncello bow. By 
varying the bowing, the plate can be made to give seversd 
distinct notes; and if sand be sifted over the plate, it 
quickly settles on the nodal lines in each case. For the 
deepest tone, the nodal lines divide the plate into four 
equal squares; for the next tone they divide it into four 
equal triangles; and for some of the higher tones they 
form very elaborate figures. To obtain any particular 
figure known to be among those which the plate is capable 
of giving, the finger should be applied to one of the nodal 
lines of this figure, and the bow should be applied about 
midway between two nodal lines. 
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QUALITY OF MUSICAL SOUNDS. 

409. Sounds of the same pitch and loudness are often 
very unlike; in other words, they may differ widely mquality, 

410. Harmonics. — In order to explain the physical 
basis of difference in quality, we must first define the har- 
monics of a note. They are a series of notes whose vibra- 
tion-numbers are respectively double, triple, quadruple, 
&c., of the vibration-number of the given note. 

A musical note consists, in the great majority of cases, 
of a fundamental tone blended with some of its harmonics; 
and it is upon the relative strengths of these harmonics, as 
compared with the fundamental tone and with each other, 
that the quality of the note depends. 

A rich and mellow note usually contains the first four 
or five harmonics, gradually diminishing in strength as 
they are further from the fundamental, the fundamental 
itself being stronger than any. A note of penetrating 
metallic ring is strong in the higher harmonics; and if it 
grates upon the ear, this is often owing to the circumstance 
that very high harmonics are discordant with one another. 
Bodies whose overtones are not harmonics, such as bells 
and plates, usually emit sounds in which these overtones 
are blended and produce discordance. 

411. Origin of Harmonics. — The origin of har- 
monics is to be found sometimes in the different modes 
of free vibration of the body which emits the sound. 
This is especially the case with the sounds of stringed 
instruments. But in other cases (including the tones of 
the siren and the human voice) it depends on a very 
different cause, namely, on the mathematical law that every 
series of precisely similar vibrations is either simple (that 
is, similar to the small vibrations of a pendulum) or com- 
pounded of one set of simple vibrations giving the funda- 
mental tone and other sets of simple vibrations giving the 
harmonics. Every compound tone consists of simple 
tones, each of which is due to simple vibrations. 

412. Loudness. — The loudness or intensity of a sound 

16 
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is measured physically by the amount of energy which it 
conve)rs to the ear in a given time; and this energy, in 
comparing two simple sounds, is proportional to the 
square of the amplitudes of the particles of air in the 
neighbourhood of the ear. 

But from the point of view of sensation^ this rule of com- 
parison can only be admitted when the two simple sounds 
compared are of the same pitch; for the ear is unequally 
sensitive to simple sounds of different pitches. Sounds 
may be so high in pitch as not to be heard at all by the 
human ear; and within the limits of audibility there is 
considerable difference in sensibility. Within the range 
of pitch employed in music, the ear is more sensitive to 
sounds of high than of low pitch; that is to say, the same 
amount of energy of aerial vibration produces a more 
intense sensation when the pitch is high than when it 
is low. Of two compound tones of equal energy, that 
which is strongest in high harmonics will generally affect 
the ear the most 

413. Law of Inverse Squares. — When sound is 
emitted from a point in mid air and meets with no 
obstruction on its way, the amplitude of its vibrations 
diminishes inversely as the distance they have been pro- 
pagated, and its loudness diminishes inversely as the 
square of the distance. In fact, the same amount of 
energy which the source emits in unit time, must cross in 
unit time the circumference of every sphere described 
round it as centre; these surfaces are as the squares of 
the distances, and therefore the energy per unit area must 
be inversely as the square of the distance. 

414. Extinction. — This, however, is on the assump- 
tion that onward propagation involves no loss of sonorous 
energy, — an assumption which is not strictly true, inas- 
much as the vibration of the air implies firiction, and fric- 
tion implies generation of heat at the expense of the 
energy of vibration. Sonorous energy must therefore 
diminish with distance rather faster than according to the 
law of inverse squares. 
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All sound in becoming extinct becomes converted into 
heat. This conversion is greatly promoted by defect of 
homogeneity in the medium of propagation. In a fog or 
a snow-storm, the liquid or solid particles present in the 
air produce innumerable reflections, in each of which a 
Httle sonorous energy is converted into heat. 

415. Propagation through a Tube. — When sound 
is propagated through a uniform tube, the law of inverse 
squares does not apply. The intensity in this case would 
be the same at all distances, were it not in the first place . 
for friction, and in the second place for the transmission 
of a little sonorous energy through the sides of the tube. 

COMPARISON BETWEEN SOUND AND LIGHT. 

416. Both sound and light consist in vibratory move- 
ment which is propagated from the source through an elas- 
tic medium. The waves of light are incomparably shorter 
than those of sound, and the velocity of their propagation 
is incomparably greater. Sound-waves of different lengths 
travel with the same velocity. Luminous waves of 
different lengths travel with the same velocity in vacuo^ 
but in liquids and solids (and to an almost inappreciable 
extent in gases) those of shortest wave-length travel 
slowest 

The refraction of a ray of light in passing out of one 
medium into another, depends upon the difference of its 
velocities in the two media. It travels fastest in vacuo, 
and slowest in those media which are most highly refrac- 
tive, the index of refraction being equal to the ratio of the 
velocities in the two media. 

The extreme red rays have nearly double the wave- 
length of the extreme violet. 

The separation of rays of different wave-lengths by a 
glass prism is a direct consequence of the fact that the 
shortest waves are the most retarded by the action of the 
glass. 

417. The lengths of luminous waves can be measured 
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with considerable accuracy by observations on "diffraction" 
— a subject which does not come within the scope of the 
present treatise; and by dividing the wave-length into 
the distance travelled over in a second, we obtain the 
number of vibrations per second. Red light makes about 
400 millions of millions of vibrations per second, and 
violet light nearly twice as many. In passing out of one 
medium into another the rapidity of vibration remains 
unaltered, but the wave-length changes in the same ratio 
as the velocity. This remark is true of sound as well as 
light. 

418. Sound cannot be propagated through a vacuum. 
Light, on the other hand, is propagated for immense dis- 
tances through the interplanetary and interstellar spaces, 
which are more perfect vacua than any that can be arti- 
ficially obtained. Hence it is inferred that light is propa- 
gated by the vibrations of some medium different from 
ordinary matter. The immense velocity of light shows 
that this medium is incomparably more resilient in pro- 
portion to its density than any of the forms of ordinary 
matter. This medium, whose existence is now univer- 
sally accepted by physicists, is called the luminiferous 
ether. 

419. There is another difference between sound and 
light in the direction of their vibrations. The vibrations by 
which sound is propagated through gases and liquids, and 
probably also through solids, are longitudinal, — that is to 
say, each particle of the medium travels backwards and for- 
wards along a line which points in the direction in which 
the sound is travelling; there is no transverse motion. 
In luminous vibration, on the contrary, the most impor- 
tant part of the motion is transverse, as is proved by the 
phenomena of polarized light. 
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EXAMPLES IN SOUND. 



XXXVI. — Period, Wave-length, and Velocity. 

Art 367. 

1. If an undulation travels at the rate of 100 feet per 
second, and the wave-length is 2 ft., find the period of 
vibration of a particle and the number of vibrations which 
a particle makes per second. 

2. It is observed that waves pass a given point once in 
every 5 seconds, and that the distance from crest to crest 
is 20 ft. Find the velocity of the waves in ft. per sec. 

3. The lowest and highest notes of the normal human 
voice have about 80 and 800 vibrations respectively per 
second. Find their wave-lengths when the velocity of 
sound is 11 00 ft. per sec. 

4. Find their wave-lengths in water in which the velo- 
city of sound is 4900 feet per sec. 

5. Find the wave-length of a note of 500 vibrations per 
sec. in steel in which the velocity of propagation is 15,000 
ft. per sec 

XXXVII. — Musical Intervals. Arts. 380-384. 

1. Show that a " fifth " added to a " fourth " makes an 
octave. 

2. Calling the successive notes of the gamut (as defined 
in art. 384) Do,, Re,, Mi„ Fa„ Sol„ La,, Si„ Do,, show 
that the interval firom Sol, to Re, is a true " fifth." 

3. Find the first 5 harmonics of Do, (see art 410). 
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XXXVIII.— Siren. Art 386. 

1. A siren of 15 holes makes 2188 revolutions in a 
minute when in unison with a certain tuning-fork. Find 
the number of vibrations per second made by the forL 

2. A siren of 15 holes makes 440 revolutions in a 
quarter of a minute when in unison with a certain pipe. 
Find the note of the pipe (in vibrations per second). 

XXXIX.-^Reflection of Sound, and Tones of 
Pipes. Arts. 3 73-3 7 7> 393-395- 

1. Find the distance of an obstacle which sends back 
the echo of a sound to the source in i^ seconds, when 
the velocity of sound is iioo ft. per sec. 

2. A well is 210 ft. deep to the surface of the water. 
What time will elapse between producing a sound at its 
mouth and hearing the echo? 

3. What is the wave-length of the fundamental note of 
an open organ-pipe 16 ft long; and what are the wave- 
lengths of its first two overtones ? Find also their vibration- 
numbers per second. 

4. What is the wave-length of the fiindamental tone of 
a stopped organ pipe 5 ft long; and what are the wave- 
lengtJis of its first two overtones? Find also their vibra- 
tion-numbers per second. 

5. What should b^ the length of a tube stopped at one 
end that it may resound to the note of a tuning-fork which 
makes 520 vibrations per second; and what should be the 
length of a tube open at both ends that it may resound to 
the same fork. [The tubes are supposed narrow, and the 
smallest length that will suffice is intended.] 

6. Would tubes twice as long as those found in last 
question resound to the fork? Would tubes three times 
as long? 

XL. — Beats. Art. 397. 
I. One fork makes 256 vibrations per second, and 
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another makes 260. How many beats will they give in a 
second when sounding together? 

2. Two sounds, each consisting of a fundamental tone 
with its first two harmonics (art. 410), reach the ear 
together. One of the fimdamental tones has 300 and the 
other 302 vibrations per second. How many beats per 
second are due to the fundamental tones, how many to 
the first harmonics, and how many to the second har- 
monics? 

3. A note of 225 vibrations per second, and another of 
336 vibrations per second, are sounded together. Each 
of the two notes contains the first two harmonics of the 
fundamental. Show that two of the harmonics will )deld 
beats at the rate of 3 per second. 

XLI. — ^Velocity of Sound in Gases. 
Arts. 398-400. 

1. If the velocity of sound in air at 0° C. is 33,240 cm. 
per sec, find its velocity in air at 10° C, and in air at 
100° C. 

2. If the velocity of sound in air at 0° C. is 1090 ft per 
sec, what is the velocity in air at io°? 

3. Show that the difference of velocity for i® of differ- 
ence of temperature in the Fahrenheit scale is about i ft. 
per sec. 

4. If the wave-length of a certain note be i metre in air 
at o**, what is it in air at 10°. 

5. The density of hydrogen being '06926 of that of air 
at the same pressure and temperature, find the velocity of 
sound in hydrogen at a temperature at which the velocity 
in air is 11 00 ft. per sec. 

6. The quotient of pressure (in dynes per sq. cm.) by 
density (in gm. per cubic cm.) for nitrogen at 0° C. is 807 
million. Compute (in cm. per sec) the velocity of sound 
in nitrogen at this temperature. 

7. If a pipe gives a note of 512 vibrations per second 
in air, what note will it give in hydrogen? 
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XLII. — ^Vibrations of Strings. Arts. 401-403. 

1. Find, in cm. per sec, the velocity with which pulses 
travel along a string whose mass per cm. of length is 
•005 gm., when stretdhed with a force of 7 million dynes. 

2. If the length of the string in last question be 33 cm., 
find the number of vibrations that it makes per sec. when 
vibrating in its fundamental mode; also the numbers 
corresponding to its first two overtones. 

3. The A string of a violin is 33 cm. long, has a mass 
of '0065 gm. per cm., and makes 440 vibrations per sec. 
Find the stretching force in dynes. 

4. The E string of a violin is 33 cm. long, has a mass 
of '004 gm. per cm., and makes 660 vibrations per sec. 
Find the stretching force in dynes. 

XLIII. — Longitudinal Vibrations of Rods. Art 407. 

1. If sound travels along fir in the direction of the 
fibres at the rate of 15,000 ft. per sec, what must be the 
length of a fir rod that, when vibrating longitudinally in 
its fundamental mode, it may emit a note of 750 vibrations 
per second. 

2. A rod 8 ft. long, vibrating longitudinally in its fiinda- 
mental mode, gives a note of 800 vibrations per second. 
Find the velocity with which pulses are propagated along 
it 



ANSWERS TO EXAMPLES. 

XXXVI. — Ex. I. ,V sec, 50. Ex. 2. 4. Ex. 3. 13I ft., 
i§ ft. Ex. 4. 6ii ft., 6J ft. Ex. 5. 30 ft. 

XXXVII.— Ex. I. 4 X 1 = 2. Ex. 2. fl = |. Ex. 3. D02, 
Sols, Dos, Mis, Sols. 

XXXVIII.— Ex. I. 547. Ex. 2. 440. 

XXXIX.— Ex. I. 825. Ex. 2. ft= -382 sec. Ex. 3. 32 ft., 
16 ft., io§ ft; 34f, 68j, 103J. Ex. 4. 20 ft., 6J ft., 4 ft; 55, 
165, 275. Ex. 5. T^Sj ft., |» ft. Ex. 6. An open tube twice 
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or three times as long will resound, because one of its over- 
tones will coincide with the note of the fork. A stopped tube 
three times as long will resound, but a stopped tube twice as 
long will not. 

XL. — Ex. I. 4. Ex. 2. 2, 4, 6. Ex. 3. 675-672 = 3. 

XLL— Ex. I. 33843,38850. Ex.2, inc. Ex.3. The 

velocity is 1090 at 32° and 11 10 at 50^ Ex. 4. i*oi8 metre. 

Ex. 5. 4180 ft. per sec. Ex. 6. 33732. Ex. 7. 1945 vibra- 
tions per sec. 

XLII. — Ex. I. 37417. Ex. 2. 567, 1 134, 1701. Ex. 3. 
z/= 29040, /=v^w = 5481600. Ex.4. V =43560,/= 7589900. 

XLII I.— Ex. I. 10 ft. Ex. 2. 12800 ft per sec. 



ELECTRICITY. 



420. Excitement by Friction. — A piece of rosin 
or sealing wax, after being rubbed with dry flannel or 
woollen cloth, is found to have the property of attracting 
small pieces of paper or other light bodies. 

If a pith ball is suspended by a thread of dry unbleached 
silk, it is found that the rosin or wax, after being rubbed, 
attracts the pith ball until contact ensues, and then 
repels it. 

A glass rod, after being rubbed with a piece of silk 
(care being taken that both glass and silk are very dry), 
also attracts the pith ball, and after contact repels it 

If the operator holds the rosin in one hand and the 
glass in the other, he will find that when one of them 
repels the ball the other attracts it 

421. The rosin and the glass in these experiments are 
said to be electrified. An electrified body exhibits special 
properties of attraction and repulsion, and every electrified 
body belongs to one or the other of two classes, repre- 
sented respectively by the glass and the rosin in th,e above 
experiments. To decide to which class it belongs, we 
have only to compare its action with one of these two 
bodies — say with rosin rubbed with flannel. If the pith 
ball is simultaneously repelled by the rosin and the body 
in question, the electrical condition of the body resembles 
that of the rosin, and the body is said to be resin&usly or 
negatively electrified. If, on the other hand, the body 
repels the pith ball at the same time that the rosin attracts 
it, and attracts the ball when the rosin repels it, the elec- 
trical condition of the body is similar to that of the glass 
rod in the above experiment, and the body is said to be 
vitreously 01 positively electrified. 
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An electrified body is said to have electricity residing 
upon it, or to* be charged with electricity. Electricity, 
therefore (whatever its real nature may be), is of two oppo- 
site kinds, vitreous or positive^ which resides upon smooth 
glass rubbed with silk, and resinous or negative^ which 
resides upon rosin rubbed with flannel. We are not 
entitled to assert that electricity is a fluid or two fluids; 
nor that it is a substance, or two substances, any more 
than we are entitled to assert that light and sound are 
substances. 

422. The flannel with which the rosin has been rubbed 
will be found to be vitreously electrified; and the silk 
with which the glass has been rubbed will be found to be 
resinously electrified. Whenever electricity is excited by 
rubbing two bodies together, the electrifications produced 
in the two bodies are opposite. 

Bodies can be roughly arranged in an order such that, 
speaking broadly, if any two of them be rubbed together, 
the one which stands earlier in the list will become posi- 
tively and the other negatively electrified. The following 
is such a list : — 



Fur of cat. 
Polished glass. 
Woollen stuffs. 
Feathers. 
Wood. 



Paper. 
Silk. 
Shellac. 
Rough glass. 



423. The terms "positive" and "negative" are the 
remains of a theory broached by Franklin, according to 
which a positively electrified body possesses more, and a 
negatively electrified body less than its natural share of 
one universally diffused electric fluid. The terms are 
eminently convenient on account of the direct opposition 
of properties, which is exactly expressed by difference of 
algebraic sign. It is, however, not to be imagined that 
either of the two kinds of electricity has more real and 
positive existence than the other. The attaching of the 
name positive to the kind which is otherwise called 
vitreous rather than to that which is called resinous is a 
matter of accident 
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424. Conductors and Non-conductors. — Metals 
readily allow electricity to escape through them. Glass, 
rosin, silk, wool, indian-rubber, and gutta-percha oppose 
great resistance to its passage. The former are therefore 
called conductors and the laXitx rton-condtccibrs of electricity. 

A body is said to be insulated when it is not in contact 
with any. other bodies except non-conductors; for ex- 
ample, a pith ball suspended by a silk thread, or a metallic 
ball supported on a glass stem, is insulated. 

425. Like Electricities Repel, Unlike Attract. 
— Positive electricity repels positive and attracts negative 
electricity. In like manner, negative electricity repels 
negative and attracts positive. 

A quantity of electricity is measured by the repulsion 
and attraction which it is capable of exerting. The unit 
quantity is that which, if collected at a, point, would exert 
unit force upon an equal quantity at unit distance. In 
the C.G.S.- system, it is the quantity which would exert a 
force of one dyne upon an equal quantity at a distance of 
one centimetre. The force varies inversely as the square 
of the distance, so that at a mutual distance of 2 units 
the force exerted by one unit quantity upon another 
would be J of the unit force. 

INDUCTION. 

426. Induction. — The attractions and repulsions of 
electricity show themselves in two ways; they produce 
movements of electrified bodies, and they also produce 
movement of electricity itself in or upon electrified bodies. 
Thus, if two conducting balls electrified, one positively and 
the other negatively, are held near each oflier, not only 
will the balls attract each other, but a portion of the charge 
of each will leave the far side and come over to the near 
side in obedience to the attraction of the dissimilar elec- 
tricity of the other ball. This kind of action is called induc- 
tion, and sometimes, for distinctness, electrostatic induction, 

427. When a positively electrified body is held near an 
insulated and uncharged pith ball, the latter becomes 
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charged with negative electricity on the near side, and 
positive on the far side, — the quantities of the two kinds 
being exactly equal. 

An uncharged body may be regarded as containing 
an unlimited store of both electricities, exacdy equal in 
amount. When equal quantities of positive and negative 
are artificially given to a body, the body is found to have 
no charge. A gain of one kind of electricity is not dis- 
tinguishable from an equal loss of the other kind. 

428. The attraction which is observed between electri- 
fied and (apparently) unelectrified bodies is due to the 
inductive action here described. The electrified body 
induces electricity unlike its own on the near side, and 
(if the body be insulated) electricity like its own on the 
far side. As force diminishes with increase of distance, 
the attraction upon the electricity on the near side pre- 
vails over the repulsion of that on the remote side. If 
the body is not insulated, the attraction will be still more 
powerful, because some or all of the electricity of like 
sign is repelled out of the body into the conductors 
behind it, so that the body as a whole- has. a charge of 
unlike sign to that of the influencing body. 

429. Gold-leaf Electroscope. — ^An instrument for 
indicating the presence of electricity is called an electro- 
scope. The gold-leaf electroscope has two gold leaves 
hung from the lower end of a metallic rod, whose upper 
end terminates in a knob or plate, also of metal. The 
leaves are protected by a glass shade. 

The gold leaves, rod, and knob or plate may be 
regarded as one conductor. When a positively electrified 
body is held over the top, induction takes place in the 
conductor, negative electricity being attracted to the top, 
and positive repelled to the gold leaves at the bottom. 
The gold leaves being thus charged with like electricities 
repel each other. 

430. If the influencing body is now removed, the leaves 
come together again (unless there has been leakage), their 
induced charge ceasing with the cause which produced it 
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But if, while the influencing body is in position, the knob 
is for a moment touched with the finger, and the influenc- 
ing body is then removed, the leaves will have acquired 
a permanent charge opposite in sign to that of the influ- 
encing body. This is an example of the principle men- 
tioned above, that an uninsulated body acquires by induc- 
tion a total charge opposite in sign to that of the influenc- 
ing body. 

It is often thought paradoxical that touching the knob, 
which is at the time charged with negative electricity by 
induction (if the influencing body be positive), should 
give it a further negative charge; but such is the fact, and 
it can be explained by the consideration that the finger as 
well as the knob is under the influejice of the inducing 
body, and that the finger being uninsulated is more free 
to become negatively electrified by induction than the 
knob, which is part of an insulated conductor. 

As long as the contact of the finger is kept up, the 
leaves hang straight down, and they remain in this posi- 
tion after Uie finger is taken away provided the influenc- 
ing body is not moved. Movement of the influencing 
body either way makes the leaves separate. If it is moved 
nearer, the leaves become charged with electricity similar to 
that of the influencing body. If it is moved further away 
they become charged with the opposite kind. 

431. In the actual use of the electroscope, it is usual to 
begin by thus giving it a charge by induction. If an 
electrified body held over it produces increased separation 
between the leaves, the inference is that the charge of this 
body is similar to that which has been given to the 
electroscope. 

Caution, however, must be employed, or a false infer- 
ence may be drawn. If a body electrified dissimilarly to 
the electroscope is held over it, the leaves at first approach 
each other, and they continue to approach till the body 
comes to a certain distance, when they hang down 
parallel. If the body is brought still nearer, they again 
repel, but with opposite electricity to that with which they 
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repelled before. In such cases, the first movement of the 
leaves (that is, their approach) is that which gives the 
indication of sign for the charge of the influencing body. 

But again, if the hand, or any other conductor con- 
nected with the earth, is held over the top of the electro- 
scope, the charge of the instrument induces an opposite 
charge in the body so held, and the reaction of this 
charge produces a diminution in the repulsion of the 
leaves. Diminished repulsion is therefore, to a certain 
extent, an uncertain test; there is danger of the observer 
attributing to an insulated body held in his hand an 
effect which nsay be really due to this influence of his 
hand. 

432. Fig. 139 represents one form of the gold-leaf 




Fig.., 



electroscope. The leaves di are represented as diver- 
gent, and therefore as charged. The metallic columns 
cd are connected with the ground, and, becoming charged 
by induction with electricity opposite to that of the leaves, 
tend to increase their divergence. The small vessel be- 
tween them contains chloride of calcium for maintaining 
a dry atmosphere in the Interior. 

433. ElectrophoruB. — The electrophorus (Fig. 140) 
isaconvenient instrument for obtaining moderate charges 
of electricity. It consists essentially of a disk of ebonite, 
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shellac, or some other substance easily electrified by fric- 
tion, and of a metallic plate which can be laid upon it and 
lifted off by an insulating handle. There is also on the 
under side of the excitable plate, and attached to it, 
another metallic plate or sheet called the sole-plate. 

To set the instrument in action, friction must be em- 
ployed to electrify the non-conducting disk, — ^whipping it 
with a catskin or with a piece of flannel is the usual 
method. Then the conducting plate must be laid upon 
it, and touched with the finger in order to connect it with 
the earth, or (what amounts to the same thing) with the 
sole-plate. In some forms of the instrument, the mere 
laying of the conducting upon the non-conducting plate 
makes contact with the sole-plate, and the touching with 
the finger is then unnecessary. The conducting plate is 
then lifted off by its insulating handle, and is found to be 
so strongly charged that it will give a spark when pre- 
sented to a conductor. It can then be charged again by 
applying it a second time in like manner to the non-con- 
ducting plate (without repeating the friction of the latter), 
and will give a second spark not sensibly weaker than 
the first. If the apparatus is good and the weather 
favourable, the process may be repeated almost any num- 
ber of times without the necessity of again exciting the 
non-conducting plate. 

434. The explanation of the action is that the conduct- 
ing plate, as often as it is applied to the excited plate and 
connected with the earth, acquires by induction a charge 
opposite in sign to that of the excited plate. Why induc- 
tion takes place rather than communication of charge be- 
tween the two plates in contact is not easily explained. 
Such action would not occur if both the plates were con- 
ductors, but non-conductors do not readily part with their 
electricity. 

DISTRIBUTION OF ELECTRICITY. 

435 • The charge of a conductor is not diffused through 
its substance, but resides solely on its surface; and if 
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the conductor is hollow, so as to have two surfaces, one 
external and the other internal, the charge resides solely 
on the external surface. Nor is it, generally speaking, 
uniformly distributed even over the external surface; it is 
most abundantly collected at those parts which are most 
convex, or which project furthest beyond the general out- 
line. If the conductor has any sharp points or edges, the 
electricity resides upon them in such abundance that it is 
very apt to break away through the air and leave the 
body, in virtue of the intensity of its own self-repulsion. 

The laws of electric distribution are not independent 
laws, but are mathematical consequences of a repulsion 
varying inversely as the square of l3ie distance. 

Conductors which are intended to hold their charges 
without leakage, should have smooth surfaces, and should 
have all comers and edges rounded off. On the other 
hand, a conductor should be furnished with pointed pro- 
jections, if we wish it to give off or receive electricity 
readily through the air. It must be borne in mind that 
to give off electricity of one sign is the same thing as to 
receive electricity of the opposite sign. A pointed con- 
ductor with no charge of its own is capable of drawing off 
electricity from any charged conductor or non-conductor 
to which it may be presented. 

436. The electric density on any small element of the 
surface of a charged conductor signifies the quantity of 
electricity per unit area at this point. The quantity of 
electricity on a small area containing the point is approxi- 
mately equal to the product of the area by the density at 
the point 

ELECTRICAL MACHINE. 

437. In the ordinary frictional electrical machine, there 
is a glass plate (or sometimes a glass cylinder) which is 
made to revolve while tightly pressed against a cushion 
covered with an amalgam of tin and zinc. The friction 
of the glass against this rubber generates electricity, posi- 

17 
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tive going to the glass and negative to the cushion. After 
leaving the cushion, the electrified surface of the glass 
passes a row of brass points attached to the " prime con- 
ductor," which is a large piece of hollow brass of rounded 
form, supported on a glass stem. These points draw oft 
electricity from the glass plate to the prime conductor, 
which soon becomes highly charged. 

It is necessary to provide for Uie escape of the negative 
electricity from the rubber, which would otherwise become 
so strongly negative that it would cease to fulfil its func- 
tion. The rubber is therefore, in the ordinary use of the 
machine, connected with the earth by a brass chain, 
through which a continual stream of negative electricity 
flows off from the cushion to the earth, or, what is the 
same thing, a continual stream of positive electricity flows 
through it from the earth to the cushion. 

In some machines, there is a second brass conductor 
supported on a glass stem, and connected with the rubber. 
Negative electricity can be drawn off from this conductor, 
if an exit is afforded to the positive electricity which goes 
to tlie positive conductor. When it is simply desired to 
obtain a negative charge, the positive conductor may be 
connected with the earth by a chain. When it is desired 
to obtain both kinds of electricity, they can be drawn 
simultaneously one from each conductor. 

When an electrical machine is in good working order, 
strong sparks can be drawn from its conductor or conduc- 
tors, their length varying from half an inch to several 
inches, according to the power of the machine and the 
condition of the air. 

To obtain efficient working, it is usually necessary in 
this climate to place the machine near a fire. Glass 
readily contracts a deposit of moisture from the air, which 
spoils the insulation of the supports, besides hindering the 
development of electricity on the plate. 

438. The form of machine represented in Fig. 141, 
is that known as Winter's. The large ball at the top of 
the long glass pillar on the right hand is the positive 
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conductor. It carries two rings, one on each side of the 
revolving plate, each of which is studded with points on 
the side next the plate. The ball on the short glass 
pillar at the left hand is the negative conductor. Attached 




to it is the rubber, which consists of two cushions squeez- 
ing the plate between them. A piece of oiled silk covers 
the plate for a considerable distance from the rubbers 
onward, to prevent the escape of electricity before reach- 
ing the collecting points. 

LEYDEN JAR, 

439. The Leyden jar is a contrivance for accumulating 

large quantities of electricity. It usually consists of a 
gliKS jar, coated both inside and outside with tinfoil for 
about thJee-fourths of its height, while a brass rod, con- 
nected with the inner coating, projects through the mouth 
of the jar, and terminates in a knob. 

All that is essential to the peculiar action of the Leyden 
jar is two opposite coatings of tinfoil, or other conducting 
surfaces, separated by glass or some other insulator, 
-which must project for some distance beyond the con- 
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ducting surfaces, to prevent discharge taking place between 
them. 

440. The special property of such an arrangement is, that 
when one of the coatings is connected with the earth, the 
other coating is able to receive and retain an exceedingly 
large quantity of electricity. The earth connection must 
be kept up while the charge is being given, but is not 
necessary afterwards. 

While the charge is being given to one coating, the 
other acquires by induction a charge opposite in sign and 
nearly equal in amount, which comes to it from the 
earth. These two opposite charges attract one another, 
and their mutual attraction represses, to a large extent, 
the tendency of each to escape by its own self-repulsion. 

441. When the jar has been charged, if it is set upon 
a stool with glass legs, or is insulated in any other con- 
venient way, it cannot be discharged by touching the 
knob unless the outer coating is touched at the same 
time. If the knuckle is applied alternately to the knob 
and the outer coating, a small spark will be obtained at 
each application; but the quantity of electricity which 
passes off in each spark is only an insignificant portion 
of the whole charge, and in a favourable atmosphere the 
operator may continue to draw sparks till his patience is 
exhausted. 

To discharge the jar, a jointed discharger (Fig. 142) is 
commonly employed. If the jar is not insulated, but has 
its outer coating in connection with the earth, this coat- 
ing should be touched first, and, while one knob of the 
discharger remains in contact with it, the other should be 
brought up to the knob of the jar. Just before contact, 
a bright spark will pass between them with a loud 
report 

442. If the operator holds a Ley den jar by its knob, 
and presents its outer coating to the prime conductor of 
the machine represented in Fig. 141, its outer coating 
will receive a positive charge from the machine, and its 
inner coating will receive a negative charge from the 
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earth, through the operator's body. When thus charged, 
if the operator, still holding it by the knob, were to set it 
dowB on an ordinaiy table, it would be discharged through 




his body on coming in contact with the table. He must 
set it down on the stool with glass legs, and thence transfer 
it to the table. 

443. To give a shock by a Leyden jar to a number of 
persons simultaneously, they must be made to join hand 
in hand, so as to form a chain with its two ends near 
together. The person who forms one end of the chain 
must place his hand upon the outer coating of the jar, 
and the person at the other end of the chain must then 
touch the knob. Discharge will thus take place between 
the two coatings through the chain of persons. 

444. Capacity.— ;T wo Leyden jars are said to have 
equal capacities if, when their knobs are in contact and 
their outer coarings connected with the earth, a charge 
communicated through the knobs divides itself equally 
between them. If it does not divide itself equally, but 
twice as much of it goes to one jar A as to the other B, 
the capacity of A is said to be double that of B. 
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Fig. X43. 



The capacity of a jai' is directly proportional to the 
area of either of its coatings (supposed equal and exactly 
opposite to each other), and inversely proportional to the 
distance between them (so that thin glass gives greater 
capacity than thick glass). It also depends, to some 
extent, on the nature of the glass, or other insulator, 
between the coatings. It is greater with any kind of 
solid insulator than it would be if there were only air 
between the coatings. The specific inductive capcLcity 
of an insulating substance, is estimated by comparing 
the capacity of a Leyden jar in which this substance 
is the insulator, with the capacity of an otherwise 
similar jar in which air is the insulator. The spe- 
cific inductive capacities of nearly all solid insulators 
lie between the values i'5 and 2*5. 

445. Condensers. 
— The general name 
condensers is given to 
instruments constructed 
on the principle of the 
Leyden jar. Fig. 143 
represents the condens- 
ing electroscope^ which 
is the ordinary gold-leaf 
electroscope with the 
addition of an adjustible 
condenser on the top. 
The lower of the two 
plates represented in 
the figure is connected 
with the gold leaves; 
the upper plate (called 
the condensing plate) 
can be lifted off, and a 
thin coating of an insulating varnish on one or both of 
the plates prevents them from coming in contact 

If a charge is given to the electroscope when the upper 
plate is away, the divergence of the leaves will diminish 
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as the upper plate is brought back towards its place 
{vihile kept connected with the earth), and will become 
inappreciably small when the two plates are as near 
together as the varnish allows them to come. The reason 
is that the capacity of the lower plate has been enormously 
increased, and it has therefore drawn to itself nearly the 
whole charge of the leaves. 

On the other hand, if we begin with the upper plate in 
its place, and give a small charge to the lower plate, keep- 
ing the upper one connected with the earth, as repre- 
sented in the figure, no indication will at first appear, but 
when the upper plate is lifted off the leaves will diverge. 

446. Battery of Jars — Fig. 144 represents ane/tc- 
trk battery, or Leydm battery, formed by connecting the 
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inner coatings, ot a number of jars, their outer coatings 
being in connection with the earth. Its capacity is the 
sum of the capacities of the separate jars. At E is shown 
a quadratti-eUctroscope, in which the deflection of a l^ht 
arm, which carries a pith ball at its end, and hangs down 
vertically when unelectrified, serves to indicate in a rough 
way the strength of charge 
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HOLTZ'S ELECTRICAL MACHINE. 

447. Holtz's Machine — The resources of the 
lecture table have been greatly increased of late years by 
the invention of Holtz's electrical machine; the general 
appearance of which is represented in Fig. 145. 

A and B are two thin plates of glass, the former fixed, 
and the latter revolving when the handle of the machine 




is turned. In the fixed plate there are two large openings 
called windows, near the extremities of its horizontal dia- 
meter. Adjacent to these and on the side remote from 
the revolving plate are glued two varnished pieces of 
paper called armatures,/,/', each having a sharp tongue 
of card, projecting through the window, and pointing the 
opposite way to that in which the revolving pbte turns. 
Two rows of brass points, P, P', are placed opposite the 
armatures, on the other side of the revolving plate, and 
are connected with two insulated conductors terminating 
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in the knobs «, m. These knobs can be set at any dis- 
tance asunder. In starting the machine, they are placed 
in contact, and one of the armatures is electrified by 
holding against it an excited sheet of vulcanite, or by 
leading to it a wire from the conductor of a frictional 
machine. A peculiar sizzling sound is almost immediately 
heard, and the knobs may then be separated to a gradu- 
ally increasing distance, brilliant discharge all the time 
taking place between them. The best machines are made 
double, having two revolving plates, with two fixed plates 
between them. 

448. The explanation of the action, after the prelimin- 
ary stage has been passed, is as follows : — 

The two armatures/,/' are electrified, one positively and 
the other negatively. The positive armature (say/') is oppo- 
site to that conductor which gives off positive electricity from 
its knob m, and the positive which escapes from the knob is 
replaced by positive which is drawn off by the points from 
the face of the revolving plate, an action which is favoured 
by the inductive influence of the positively charged arma- 
ture, whether we regard it as repelling positive from the plate 
to the brass points or as attracting negative from the con- 
ductor through the brass points. The plate, having thus 
given off positive or received negative electricity, is carried 
round through half a revolution, and gives off negative 
to the other conductor through its brass points, aided by 
the influence of the negatively charged armature at the 
back. 

A little electricity, just enough to replace leakage, is 
given off from the back of the revolving plate to the arma- 
tures, through their cardboard points, which, for this pur- 
pose, should project through the windows and nearly 
touch the revolving plate. It is necessary that these 
cardboard points should receive their supply before the 
brass points, otherwise they would receive either no 
supply or a supply of the wrong sign. 

During the preliminary stage, both the armatures 
acquire gradually increasing charges. 
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LIGHTNING. 

449. Atmospheric Electricity. — ^Air, being a non- 
conductor, can be bodily charged with electricity; the 
law of residing only on the surface being appHcable to 
conductors only. There is at all times electricity in the 
atmosphere overhead, the inductive action of which can 
be detected by suitable apparatus. Electricity of opposite 
sign resides on the surface of the earth beneath, or on 
the surface of objects in conducting communication with 
the earth; and has the greatest density on the most 
prominent projections. 

450. Lightning is electric discharge taking place dis- 
ruptively either between two portions of air or between 
a portion of air and the ground. Those objects are most 
liable to be struck by it which project furthest into the 
air, provided they are in free electrical communication 
with the earth ; for these bodies are not only nearest to 
the thunder-clouds, but are also most strongly charged 
with electricity of opposite sign. Hence it is usual to 
protect tall buildings by means of lightning conductors, 
which are stout metal rods or bundles of wires, projecting 
somewhat above the highest part of the building to be 
protected, and connected at the bottom with water-pipes 
or gas-pipes, or in some other way brought into very per- 
fect electrical communication with the earth. 

Their upper ends should be pointed, in order that they 
may draw off electricity gradually rather than in violent 
explosions. When we wish to obtain a strong spark from 
the prime conductor of an electrical machine, or to dis- 
charge a Leyden jar with a loud report, we present a knob 
to the charged body. If we present a point, the charge 
leaks away gradually, rather in the manner of a continuous 
stream than of an explosion. 
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MAGNETISM. 

451. Magnets are usually either of steel or iron. Steel 
magnets, especially if the steel be very hard, retain their 
magnetization with very little change. Iron, especially 
if very pure and soft, is very susceptible to magnetizing 
influences, and may thus, while under some external 
influence, be more strongly magnetized than steel, but has 
very little power of retaining its magnetization. 

452. If we take two ordinary bar-magnets, which we 
will call A B and C D, and present the end A to each of 
the ends C, D, we find it attracts one «nd and repels the 
other. If we now present the end B, we find that it repels 
the end which A attracted, and attracts the end which A 
repelled. There are thus two opposite kinds of magnetism 
just as there are two opposite kinds of electricity. 

But there are some very important points of difference. 
Every magnet possesses both kinds in equal quantity, 
— usually confined one to each half of its length. Again, 
magnetism does not, like electricity, tend to escape by 
contact; a magnet can communicate magnetism to a 
piece of steel or soft iron without losing any magnetism 
itself. 

453* To observe the communication of magnetism, 
take an ordinary sewing needle, and draw it four or five 
times across one end of a strong magnet, drawing it 
always in the same direction — say from point to head. 
The needle will be magnetized, and the end of the needle 
at which the rubbing commenced (in this case the point) 
will be similar in its magnetic properties to the end of the 
magnet that has been rubbed. 

MAGNETIC INDUCTION. 

454. If we present either end of a magnet to a piece of 
soft iron, we observe attraction. If the piece of iron is 
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small enough for the magnet to lift it easily, we shall find 
that when it hangs by one end from the magnet, its other 
end is capable of lifting by attraction a second piece of 
iron. This again can lift a third piece of smaller size, and 
so on. Each of the pieces of iron becomes, in fact, a 
temporary magnet The magnetism is so distributed 
that dissimilar ends are in contact in each case. The 
end of the magnet induces properties opposite to its own 
in the near end of the first piece — Whence the attraction 
between them — ^and properties similar to its own in the 
far end. An inductive action following the same law is 
exerted by the first piece on the second, by the second 
on the third, and so on. When we separate the first 
piece from the magnet, the magnetism which has been 
induced disappears almost entirely, and the chain of 
pieces drops asunder. 

455. Contact is not essential for magnetic induction. 
When one end of a magnet is held near a piece of iron 
without touching it, the nearer side of the iron acquires, 
for the time, properties opposite to those of the end of the 
magnet which is presented. Hence, if the piece of iron 
is not too large, it will jump to meet the magnet and 
remain adhering to it. The attraction exerted upon soft 
iron by a steel magnet, is thus accounted for in the same 
way as the attraction of an insulated and uncharged pith 
ball by excited glass or sealing-wax. But whereas the 
pith ball, after touching the attracting body, is repelled, 
the iron, after coming in contact with the magnet, is still 
more strongly attracted. 

456. Inductive action of tlie same kind, but smaller in 
degree, is exerted upon steel, whether previously magnet- 
ized or not It may sometimes overpower the previous 
magnetization of the steel; hence similar ends of steel 
magnets may attract each other when brought very near, 
if one of the magnets is so strong as completely to over- 
power the other. In magnetism, as in electricity, repul- 
sion is thus a surer test of kind than attraction. 

457. If we magnetize a needle in the usual way, and 
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then break it in two, we find that each half is a complete 
magnet with ends of opposite quality. The two ends 
which were the ends of the whole needle, retain their 
original qualities, and therefore attract each other; and the 
two broken ends also attract each other. If we break the 
two half-needles, we have a repetition of the same pheno- 
menon; indeed, if we break up the needle into any number 
of parts, however small, each part is a complete magnet 

Hence we infer that each particle of steel in a magnet 
has two sides or ends possessing opposite magnetic proper- 
ties; and that in an ordinary bar-magnet, or an ordinary 
magnetic needle, all the sides which face one way are 
magnetically similar. We thus acquire the idea of mag- 
netic polarity as a quality pervading the whole substance 
of a magnet, and having a definite direction, which, in an 
ordinary bar-magnet or magnetized needle, is the same 
throughout. This direction is called the direction of 
magnetization. In a horse-shoe magnet, it is not the same 
throughout (that is, not parallel to a fixed line), but bends 
like the magnet itself. 
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458. If we magnetize a sewing needle, and float it in 
water by running it through a cork, as represented in 

Fig. 146. 
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Fig. 146, we find that the needle, after a few oscillations, 
settles into one definite position, to which it returns if 
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moved away. In the ordinary compass, the same end is 
attained by supporting the needle on a steel point. 

459. There is one definite vertical plane in which the 
needle tends to set itself in virtue of the external magnetic 
forces which act upon it; and this vertical plane is called 
the magnetic meridian at the place of observation. 

If we travel along the earth's surface, always going in 
the direction in which the needle points, we trace out a 
magnetic meridian line; and all such lines meet in two 
points, called the north and south magnetic poles^ which 
are some 15° or 20° distant from the geographical poles. 

The student should bear in mind that the phrase 
" the magnetic meridian," unless accompanied by qualify- 
ing words, alwa)rs means, not a line, but a vertical plane; 
just as " the meridian," in an astronomical sense, means 
a vertical plane through the place, parallel to the earth's 
axis. True north and south at any place are the direc- 
tions of a horizontal line drawn in the astronomical meri- 
dian, and magnetic north and south are the directions of 
a horizontal line drawn in the magnetic meridian. 

460. The angle between magnetic north and true 
north is called magnetic declination. It is said to be west 
when magnetic north is west of true north, and ea^t in the 
opposite case. 

At London it was 11° 17' E. in 1580, zero in 1657, 
24® 36' W. in 1800, and is now something less than 20° 
W. Besides this large secular variation, it also varies a 
litde according to the season of the year and the hour of 
the day. 

461. Dip. — If we mount a magnetized needle on an 
axis passing accurately through its centre of gravity, (so 
that it can turn round the axis without either raising or 
lowering this centre,) we find that the needle does not 
place itself horizontally. If the axis is perpendicular 
to the magnetic meridian, so that the needle as it turns 
about always remains in the magnetic meridian, it places 
itself (in this country) at an inclination of nearly 70® to 
the horizontal, the northern end being lowest. The 
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direction which a needle in these circumstances assumes 
is called the direction of the dipping needle^ or the direction 
of terrestrial magnetic force. It is the direction in which a 
magnetized needle would point if it could be suspended 
at its centre of gravity, with perfect freedom to turn round 
it all ways. The angle which the dipping needle makes 
with a horizontal plane is called the dip, 

462. There is one line surrounding the earth, about 
midway between the two magnetic poles, at which the dip 
is zero. This line is called the magnetic equator. North 
of this line the north end of the needle dips, and south 
of it the south end dips; and in travelling from it along a 
magnetic meridian to either magnetic pole, the dip con- 
tinually increases, till at the pole itself its value is 90° and 
the needle takes the vertical position. 

463. There is much irregularity about the distribution 
of magnetic force over the earth's surface; but in a broad 
and general sense, the elGfects are nearly the same as they 
would be if the whole substance of the earth were mag- 
netized in a direction parallel to the line joining the mag- 
netic poles, with an intensity of magnetization about ^nnnr 
of that of an ordinary steel magnet. 

Since dissimilar poles attract one another, that end of 
a needle which points to the north is similar to the earth's 
soiUh magnetic pole. To avoid ambiguity it may be 
called the north-seeking pole of the needle. 

464. If a piece of steel is weighed before and after 
magnetization, its weight is found to be unaltered ; there- 
fore the magnetic action of the earth upon a needle does 
not involve attraction or repulsion of the needle as a 
whole to or from the earth. Also, if a magnet be used as 
the bob of a plumb line, the line is found to be truly ver- 
tical; hence there is no resultant force tending to carry 
the needle as a whole in any horizontal direction. The 
action is simply directive, tending to make the needle 
point one way, but not to give it a movement of transla- 
tion. It is equivalent to two equal and opposite forces 
acting one on each end of the needle. These two forces 
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remain unchanged in magnitude and direction as the 
needle is turned about into different positions; and the 
moment of the couple (art. 26) which they exert on the 
needle, therefore, varies directly as the distance between 
their lines of action. It is zero when the needle is parallel 
to the line of dip, and is greatest when the needle is per- 
pendicular to this line. 

465. We can now form an idea of what is meant by 
lines of magnetic force in a uniform field. 

If we consider any moderate-sized portion of space — 
say a space measuring several yards each way — ^near the 
earth's surface, and not near to artificial magnets nor to 
masses of iron or steel, we may regard it as a uniform 
magnetic field, because a magnetized needle will point in 
the same direction, and behave in all respects precisely 
alike, in all parts of it. 

The direction which the needle tends to assume under 
the magnetic influences which pervade this region qt field, 
is called the direction of the lines of force in the field; a 
line of magnetic force being an imaginary line drawn in 
the direction in which resultant magnetic force acts. As 
this direction is opposite for the two poles of the needle 
acted on, some convention is necessary to avoid am- 
biguity, and the convention adopted is that the direction 
in which a north-seeking pole would be urged is to be 
regarded as the direction of the lines of force. 

466. When a magnetized needle is mounted in such a 
way that it can only move in a plane perpendicular to the 
lines of force of the field in which it is placed, it will 
remain in all positions in this plane indifferently. If it 
can only move in a plane oblique to the lines of force, it 
will assume that direction which makes the smallest angle 
with the lines of force. If its movements lie in a plane 
parallel to the lines of force, it will assume the direction 
of these lines. 

467. Without special apparatus, experiments on dip, 
even of a rough kind, are difficult of execution; for if a 
needle turns about an axis which does not pass exactly 
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through its centre of gravity, or turns about a point which 
is not exactly coincident with its centre of gravity, the 
weight of the needle tends to make it assume one definite 
inclination to the horizon; and the inclination actually 
assumed will be intermediate between this inclination and 
the true magnetic dip. In rough experiments, there is 
danger of the magnetic effect being completely masked 
by the gravitation elGfect. 

468. The force which the earth, as a magnet, exerts 
upon either pole of any magnet at its surface, can be 
resolved into two components, one horizontal and the 
other vertical. When the dip exceeds 45° (as it does 
in this country) the vertical component is the greater of 
the two. 

469. Pieces of soft iron are rendered temporarily mag- 
netic by the inductive action of the earth's magnetism. 
If an iron rod, or a poker, is held parallel to the dip- 
ping needle, the lower end of the rod becomes for the 
time a north-seeking pole, and its upper end a south- 
seeking pole, as is at once seen by bringing a sus- 
pended magnetic needle near its ends. A similar result, 
but not quite so powerful, is obtained by holding the rod 
vertically, the effect being in this case due to the vertical 
component of the total force. If it is held horizontally 
in the direction in which a compass needle points, the 
effect is still feebler, because it is due tp the horizontal 
component only. 

470. All iron, however soft, possesses some retentive 
power; and fire-irons which have stood for years in a 
nearly vertical position, will be found, on examination, to 
have acquired some permanent magnetism, the lower end 
being the north-seeking end. In testing for this effect 
by action on a compass-needle, the iron should be 
placed with its length perpendicular to the magnetic 
meridian, so as to avoid disturbance from temporary in- 
duction. 

18 
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471. An^tificial magnet produces, like the earth, a. 
magnetic field all round it, and it is easy to trace approxi- 
mately the lines of force which pervade this field. A 
small magnetized needle, hung by a thread tied to its 
centre, turns into a nearly vertical position when held 
over one pole of the magnet (which we will suppose to be 
a bar-magnet laid flat upon a tabk), thus showing that the 
lines of force in the region immediately over the pole run 
nearly vertically. If held over the other pole, it also 
places itself vertically, but with ends reversed. If held 
over the middle of the magnet, it places itself horizontally, 
because the lines of force are here horizontal. A line of 
force may be approximately traced from one pole to the 
other by carrying the needle always in the direction in 
which it points. A short piece of soft iron wire may be 
used instead of a needle, and will give similar indications; 
for it becomes temporarily magnetized in the direction of 
its length by the inductive action of the magnet 

472. The forms of the lines of force in the plane of the 
table may be shovm by means of wrought-iron filings. 




On sifting them over the table in the neighbourhood of 
the m^net, and then tapping the table, they will be seen 
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to arrange themselves ^as shown in Fig. 147) in a system 
of curves, which are hnes of force. The filings in any 
one of these curves are temporary magnets, with contiguous 
poles dissimilar, and therefore attractive. 

473. If we continue to rap the table, we observe that 
all the lines of filings move in towards the magnet; and 
the individual filings for the most part do not travel along 
the lines of force, but deviate towards the concave side 
of the curves to which they belong. The rule for a small 
spherical piece of soft iron in a magnetic field is, that it 
tends to move in the direction in which magnetic force 
increases most rapidly, a direction which is often very 
different from that of the lines of force themselves. 

474. By the employment of very powerful magnets — 
usually electro-magnets, which we shall describe further 
on — it has been shown that nearly all substances, whether 
solid, liquid, or gaseous, are affected by magnetic forces. 
Some substances, especially nickel, show behaviour similar 
to that of iron. An elongated piece of nickel places itself 
parallel to the lines of force ; and a spherical piece moves 
from places of weaker to places of stronger force. Such 
substances are os^t^ferro-magneticox paramagnetic. Other 
substances, notably bismuth, exhibit opposite behaviour. 
An elongated piece of bismuth places itself at right angles 
to the fines of force, and a spherical piece moves from 
places of stronger to places of weaker force. Such sub- 
stances are called diamagneHc. 

475. This difference of behaviour arises from a differ- 
ence in inductive action. The direction of temporary 
magnetization of a piece of bismuth placed in a magnetic 
field is opposite (end for end) to that of a piece of nickel 
or iron similarly placed. An iron needle laid along lines 
of force is pulled outwards at both ends by magnetic 
attractions, and is therefore in stable equilibrium ; a bis- 
muth needle similarly placed is pushed inwards at both 
ends by magnetic repulsions, and is therefore in unstable 
equilibrium. A ball of iron held near a pole of a magnet 
is attracted because its near side becomes a dissimilar 



276 MAGNETISM. 

pole. A ball of bismuth is repelled because its near 
side becomes a similar pole. 

476. Two Imaginary Magnetic Fluids. — In 
accurate discussions respecting the forces exhibited by 
magnets, it is necessary to introduce the conception of two 
fluids of opposite quality residing respectively in the two 
halves of an ordinary magnet One may be called the 
north-seeking and the other the south-seeking fluid. Each 
fluid repels its own kind and attracts its opposite. The 
student is not to regard these two fluids as real substances, 
but as convenient fictions. 

They are distributed very sparingly over the central 
parts of an ordinary magnet, but very thickly near the 
ends; and the quantity of north-seeking fluid which resides 
in one half of the magnet, is precisely equal to the quan- 
tity of south-seeking fluid in the other half. Every perma- 
nent magnet contains equal quantities of the two fluids. 
The unit quantity is that which, if collected at a point, 
would attract or repel with unit force an equal quantity' 
collected at another point at unit distance; and the force 
varies inversely as the square of the distance. 

\ 
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CURRENT ELECTRICITY. 

VOLTAIC BATTERY. 

477. When two metals are partially immersed in a 
liquid which acts chemically upon one of them, and are 
not allowed to touch each other within the liquid, but are 
connected by a wire outside of it, an electrical ciurent 
flows through the wire, and continues to flow as long as 
the chemical action goes on. Such an arrangement con- 
stitutes a galvanic or voltaic cell; and several such cells 
connected so as to form a series constitute a gcUvanic or 
voltaic battery. To form the series, one of the metals in 
the first cell is connected by a short thick wire with the 
dissimilar metal of the second cell; the other metal of the 
second cell is in like manner connected with the dis- 
similar metal of the third cell, and so on. There will 
thus be one metal in the first cell and one in the last 
remaining unconnected. These, or wires leading from 
them, are called the terminals or electrodes or poles of the 
battery. 

478. In all the batteries in ordinary use, zinc is one of 
the two metals employed. The other metal is frequently 
copper. In Grove's battery it is platinum. In Bunsen's 
and some other batteries, a very hard form of carbon, 
which is deposited in the retorts at gas-works, is employed 
instead of a second metal. Dilute sulphuric acid is 
usually employed as the liquid to act upon the zinc. In 
some of the best forms of battery, there is a second fluid 
in contact with the other metal ; the two fluids being pre- 
vented from free admixture by a porous partition. 

479. Direction of the Current. — ^When the two 
wires which form the terminals of the battery are kept 
separate from each other, and at the same time uncon- 
nected with the earth, very little chemical action goes on 
in the battery. When they are connected, we have a vol- 
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taic circuit, round which a current steadily flows. Posi- 
tive electricity flows through each cell from the zinc to 
the other metal, and completes its circuit by flowing 
through the terminal wires from the last copper, platinum, 
or carbon, to the first zinc. Or we may state the same 
fact by saying that negative electricity flows through the 
terminal wires from zinc to copper, and through each cell 
from copper to zinc. There is no distinction between a 
positive current flowing in* one direction and a negative 
current flowing in the opposite direction; the two expres- 
sions are to be regarded as different statements of the 
same fact. 

By the general consent of all writers on electricity, the 
direction of the positive current is called simply the direc- 
tion of the current^ — not from any idea that positive or 
vitreous electricity is more real than resinous or negative 
electricity, but simply for the sake of brevity. The direc- 
tion of the current of a battery, then, in the external por- 
tion of the circuit, is from the copper, platinum, or carbon 
terminal to the zinc terminal. The terminal which gives 
off" positive electricity — that is, the copper, platinum, or 
carbon terminal — is called positive; and the terminal 
which gives off* negative electricity (the zinc terminal) is 
called negative. 

480. Relation between Frictional and Voltaic 
Electricity. — Electric currents also occur in connection 
with frictional electricity. In discharging a Ley den-jar, 
we establish a current of brief duration between the two 
coatings; and if we lead a wire from the conductor of an 
electrical machine either to the earth or to the rubber, a 
tolerably steady current flows through this wire when tiie 
machine is turned. 

Such currents, though the same in kind, are exceed- 
ingly diff"erent in degree from the current of a galvanic 
battery. The frictional machine is like a steam-engine 
with a very small boiler containing steam at enormously 
high pressure, the galvanic battery is like an engine with 
an enormous boiler containing steam at very low pressure. 
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The battery gives an enormously larger quantity of elec- 
tricity than the machine, but the electricity which it fur- 
nishes has but little power of overcoming resistance. 
Pure water, for example, is practically a non-conductor for 
galvanic electricity, although the slightest film of moisture 
destroys insulation for frictional electricity. This relative 
feebleness of galvanic electricity is technically expressed by 
saying that the electromotive force of a galvanic battery 
is much less than that of a frictional machine. 

481. Effects of Currents. — An electric current 
produces heat in the wires through which it flows. Short 
and thin wires of iron or platinum are easily heated red- 
hot, or even melted, by the current from an ordinary bat- 
tery of four or five cells. 

482. A horizontally-balanced magnetic needle, like 
that of an ordinary compass, is deflected out of the mag- 
netic meridian, if a current nearly parallel to the needle is 
sent over it or under it at a small distance. The direction 
of deflection is reversed by reversing the direction of the 
current, and is also reversed by making the current pass 
below instead of above the needle. This is the principle 
of the galvanometer. 

483. If a current is sent through a saline solution, or 
through acidulated water, the liquid is decomposed; one 
constituent being deposited or given off at the place 
where the current enters the liquid, and the complemen- 
tary constituent at the place where the current leaves the 
liquid. This operation is called electrolysis^ and the liquid 
which is decomposed is called the electrolyte, 

484. Principles of Measurement of Currents. 
— A current may be measured either by the couple which 
it exerts upon a given magnetic needle in a given position 
with respect to the wire which conveys the current, or by 
the quantity of a given electrolyte which it decomposes 
in a given time. These two modes of measurement 
give strictly proportional results; and by emplo3ang 
powerful frictional machines to produce currents, it has 
been shown that the quantity of electricity which passes 
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in a given time is proportional to the current as measured 
in either of these ways. The numerical comparison of 
currents is therefore possible without any ambiguity or 
convention. The numerical value of a current is usually 
called the strength of the current 

CONDITIONS WHICH DETERMINE STRENGTH OF CURRENT. 

485. Ohm's Liaw. — ^The current sent by a battery 
of several cells through a short and thick wire of good 
conducting material connecting its two extreme plates, is 
not sensibly stronger than the current which would be 
sent through the same wire by one of the cells alone. 
The reason is that the resistance which such a wire 
opposes to the passage of a current is insignificant in 
comparison with the resistances in the cells themselves, 
and the advantage which the battery possesses over the 
cell as regards electromotive force is exacdy counter- 
balanced by its greater resistance. On the other hand, 
the current which a battery of n cells will send through a 
wire of such length and character as to have resistance 
very much greater than that of the battery, is n times as 
strong as the current which one cell would send through 
the same wire; for the resistances of the battery and of 
the cell may in this case be neglected, and the ratio of 
the currents will be the ratio of the electromotive forces. 

486. The general law — called Ohm^s law — is that the 
strength of a current varies directly as the electromotive force 
which maintains it, and inversely as the resistance which it 
traverses. The electromotive force depends only on the 
battery, and is n times as great for a battery of n cells 
arranged in a series as for one cell. The resistance is the 
sum of two parts, one being the resistance in the connect- 
ing wire, and die other the resistance in the battery. 
The resistance in the wire (often called the external 
resistance) is independent of the battery, but the resist- 
ance in the battery (often called the internal resistance) 
is n times as great for n cells in series as for one. In 
these statements we suppose all the cells to be alike. 
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487. Resistance of Wires. — ^The resistance of 
wire of a given size and description varies simply as its 
length. One cell will give the same current through a 
given length of wire, that two cells will give through a 
double length of the same wire. 

The resistances of wires of the same length ancj mate- 
rial are directly as their cross-sections; so that, if we 
denote length by / and sectional area by s, two wires of 
the same material will have equal resistances when the 

values of — are the same for both. The direct test of 

s 

equality of resistance is that the substitution of one wire 
for the other in a circuit makes no difference in the 
strength of current. The resistances of any two wires of 

the same material are directly as the values of — . 

The complete expression for the resistance of a wire is 

p — , p being a factor depending on the nature and con- 

dition of the material of which the wire is composed, and 
called the specific resistance of the material. 

488. Specific Resistance. — Gold, silver, and cop- 
per are the metals of smallest specific resistance. This is 
equivalent to saying that they are the best conductors. 
The specific resistance of copper when very pure is only 
about one-sixth of that of iron; in other words, the 
electric conductivity of copper is about six times that of 
iron. This is nearly the same as the ratio of their ther- 
mal conductivities, and in general the electrical and ther- 
mal conductivities of metals are nearly proportional. 
Both kinds of conductivity — in the case of metals — 
decrease with increase of temperature. 

489. Resistance of Battery. — The resistance of a 
battery-cell is mainly the resistance of the liquid or liquids 
which it contains, and of the porous partition, if there be 
one. These may be regarded as composing one con- 
ductor, very short and of large sectional area, as compared 
with a few yards of wire, but of very much greater specific 
resistance. Accordingly, a few yards of wire may be 
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equal in resistance to one cell of a battery. The resist- 
ance of a battery of n cells in series is n times that of one 
cell, on the same principle that the resistance of n yards 
of a given kind of wire is n times that of one yard. 

490. To make an experimental comparison of the 
resistance of a battery with that of a given kind of wire, 
we may (theoretically at least) proceed as follows : — 

Measure the current obtained when the terminal plates 
of the battery are connected by a piece of the wire of 
measured length /,. ^ Then increase the length of wire 
till the current is reduced to half its former strength; and 
let 4 be the length of wire now in circuit. The total 
resistance in circuit will now be double* what it was before; 
so that, if b denote the resistance of the battery, expressed 
in length of wire, we have 

whence ^ = /, - 2 /,. 

491. Divided Circuit. — If the poles of a battery, 
instead of being connected by a single wire, are con- 
nected by two wires, which form independent courses, 
A C B, A D B, the resistance is less than it would be 
with one of these wires alone. If the two wires are in all 
respects equal, they are together equivalent to a single 
wire of half the resistance of one of them; we may, in 
fact, regard them as a single wire of double cross-section. 

The general rule for such cases is best given as follows : — 

Let r denote the resistance of a wire, and let - be called 

its conducting power. Then, if there are two or more 
wires which furnish independent paths between the same 
two points A, B, the joint conducting power is the sum 
of the separate conducting powers. For example, if the 
resistances in A C B and A D B are represented by the 
numbers 2 and 3, and x denote their joint resistance, 
we have 

|" = i + ¥^ whence :x:= i|. 
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THERMAL EFFECTS. 

492. Generation of Heat by Currents. — ^The 
law which governs the generation of heat by currents, has 
been investigated by sending a current through a coil of 
fine platinum wire immersed in cold water, and observing 
the increase of temperature of the water in a measured 
time. It has thus been found that, for a given wire 
maintained at a nearly constant temperature, the heat pro- 
duced in a given time varies as the square of the current; 
and that, when different wires are traversed by the same 
current, or by equal currents, the quantities of heat generated 
in them in a given time are direcdy as their resistances. 
If we multiply the resistance of a wire by the square of 
the current which passes through it, we obtain a measure 
of the heat generated in the wire in each unit of time. 

493. When a current is sent through a wire in air, the 
rate at which it begins to rise in temperature will depend 
partly on the rate at which heat is generated in it, and 
partly upon its thermal capacity. A fine wire will rise in 
temperature faster than a thick one, for a double reason; — 
there is more heat generated in it per unit of length, and 
it has also less thermal capacity per unit of length. Hence 
a wire of the thickness of a horse-hair is often fused, 
before a stout wire in the same circuit has exhibited any 
noticeable elevation of temperature. 

494. In the heating of a wire forming part of a voltaic 
circuit, we have some interesting examples of the transforma- 
tion of energy. The potential energy of chemical affinity 
runs down in the cells, producing an equivalent amount 
of energy in the shape of electricity in motion; and the 
energy of the current is in its turn converted into heat in 
all parts of the circuit The upshot of these transforma- 
tions is, that heat is generated precisely equivalent to the 
chemical action that goes on; but instead of being con- 
fined to the cells where the action takes place, it is divided 
between the battery and the connecting wire, in direct 
proportion to their resistances. 
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ELECTROLYSIS. 

495* Consumption of Zinc in Battery. — In 
batteries which are in proper working order, the quantity 
of zinc dissolved in each cell in a given time varies directly 
as the strength of the current; and this is true not only 
in comparing the same battery with itself when different 
resistances are introduced into its circuit, but also in com- 
paring one battery with another of a different kind. 

Remembering that the quantity of electricity conveyed 
by a current in any time is equal to the strength of the 
current multiplied by the time, we may put the above 
statement in the following form: — The quantity of zinc 
dissolved in one cell is a measure of the quantity of electricity 
that peases. 

If we increase the number of cells in a battery, and thus 
increase the strength of the current; not only will the 
total quantity of zinc dissolved in a given time be in- 
creased, but the quantity dissolved in each cell will be in- 
creased in the same ratio as the current. 

496. Amount of Electrol3rtic Action. — In like 
manner, when, by means of a battery, we effect electro- 
lysis either in a single cell or in a series of cells, the 
amount of decomposition effected in any one of these 
cells is a measure of the quantity of electricity that passes. 

If the electrolytic cells contain a solution of potassium 
chloride, then, for every 65 parts (by mass) of zinc 
dissolved in one cell of the battery, there will be 71 parts 
of chlorine and 78 of potassium separated in each elec- 
trolytic cell. 

If the liquid m one of the electrolytic cells is a solution 
of zinc sulphate, the quantity of zinc separated in this 
cell will be equal to the quantity of zinc dissolved in a 
cell of the batterv. 

497. General Law of Equivalence. — The general 
law is, that the quantity of any substance separated in an 
electrol)rtic cell is chemically — or rather electro-chemi- 
cally — equivalent to the quantity of zinc dissolved in each 
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battery-cell. The same substance in different states ot 
combination may have different electro-chemical equiva- 
lents. For example, in decomposing ferrous chloride, 56 
parts of iron are separated from 71 of chlorine for every 
65 parts of zinc dissolved, so that here we have 56 parts 
of iron equivalent to 65 of zinc; but in decomposing 
ferric chloride, 37^ parts of iron (two-thirds of the former 
quantity) are separated from 71 of chlorine for every 65 
parts of zinc dissolved, so that here 37^ parts of iron are 
equivalent to 65 parts of zinc. In both cases 71 parts of 
chlorine are equivalent to 65 of zinc. 

498. Negative Electromotive Force. — An elec- 
trolytic cell is to be regarded as a reversed battery-cell — 
that is, as a battery-cell whose connections are reversed, 
so that the current traverses it in the wrong direction. If 
we actually reverse in this way the connections of one 
cell of a battery, so that the current traverses it from 
copper to zinc instead of from zinc to copper, it will 
cancel the electromotive force of one of the other cells; 
and in like manner every electrolytic cell contributes 
negative electromotive force to the circuit. The number 
of battery-cells required to work a given series of electro 
l)rtic cells, is determined by the condition that the total 
electromotive force in circuit must be positive. 

499. Electromotive Force Related to Heat 
of Combination. — The electromotive force of a cell 
is proportional to the heat of chemical combination due 
to the total chemical action which takes place in it during 
the consumption of a given quantity of zinc. The amount 
of this heat is very different for different batteries, being 
nearly twice as great for a Grove's cell as for a DanielVs. 

500. Most Economic Electrolysis. — Remember- 
ing that the quantity of zinc dissolved is a measure of the 
quantity of electricity that passes, we may state the law 
thus: — ^The electromotive force of a cell is proportional 
to the thermal value of the chemical action which takes 
place in the cell during the passage of a given quantity of 
electricity. In like manner the loss of electromotive force, 



286 ELECTRICITY. 

caused by the presence of a decomposing cell in a circuit, 
is represented by the heat which woi3d be generated 
by a reversal of the chemical action which takes place in 
it. The potential energy of chemical affinity which runs 
down in a battery-cell, is equal to the electromotive force 
of the cell, multiplied by the quantity of electricity that 
passes; and the potential energy developed in an elec- 
trolytic cell, is equal to the negative electromotive force 
of the cell, multiplied by the quantity of electricity that 
passes. 

Since there must always be more positive than negative 
electromotive force in circuit, the potential energy which 
runs down is always in excess of that which is developed. 
This excess is transformed into heat, which is distributed 
over the different parts of the circuit in proportion to their 
resistances. 

In order to produce a given amount of electrol)rtic 
effect, with the least possible consumption of material 
in the battery, the number of battery-cells employed 
should be the smallest that is sufficient to maintain a 
current 

501. Voltameter. — ^An electrolytic cell containing 
water acidulated with sulphuric acid gives off oxygen^ 
and hydrogen. Such a cell, provided with means for 
collecting and measuring the gases evolved, is called 
a voltameter. The quantity of gas evolved is a measure 
of the quantity of electricity that passes; and the quantity 
of gas evolved in a given time is a measure of the strength 
of the current. 

502. Anions and Cations. — Electrolysis always 
consists in the separation of a substance into two con- 
stituents, one of which is separated at the place where the 
current enters the solution, and the other at the place 
where the current leaves it In the intermediate region 
no effect is observed. The two constituents must there- 

^ The electrodes of the cell must be of platinum. If they are of 
copper, oxygen will not be given off, but will enter into combination with 
the copper. 
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fore travel in opposite directions, in some invisible manner, 
through the liquid. They are therefore called ions (cwv, 
going). That which travels with the current, and is 
separated at the place where the current leaves the 
liquid, is called the cation (icarcoiv, going down), because 
it may be said to run down the stream; that which travels 
against the current, and is separated at the place where 
the current enters, is called the anion (avco^v, going up). 
Hydrogen and the metals are cations; oxygen and chlor- 
ine are anions. 

CONTACT ELECTRICITY AND POLARIZATION OF ELECTRODES. 

503. Contact of Metals. — Volta, the inventor of the 
galvanic battery, attributed the origin of its electricity to 
the contact of dissimilar metals. 

Sir Wm. Thomson has shown, by a very delicately 
arranged apparatus, that, when a piece of zinc is soldered 
to apiece of copper, a positively electrified body suspended 
over the junction is urged from the zinc towards the 
copper, and a negatively electrified body is urged from 
the copper towards the zinc; the zinc thus appearing to 
be positively and the copper negatively electrified. 

He has also found that, when copper filings are allowed 
to run through a zinc funnel connected with the earth, 
and are caught in an insulated vessel, this vessel becomes 
first slightly and then by degrees strongly negative. It 
seems that any two metals, and probably any two sub- 
stances whatever, become slightly electrified by touching 
each other. 

504. Polarization in Batteries. — In the simpler 
forms of galvanic cell, such as a plate of zinc and a plate 
of copper in dilute sulphuric acid, there is a continual 
evolution of hydrogen at the copper plate, while an equi- 
valent quantity of oxygen enters into combination with 
the zinc plate, and goes to form zinc sulphate. Some of 
the hydrogen thus evolved adheres to the copper plate, and 
produces a reverse electromotive force. This action, which 
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is the principal cause of the rapid weakening of the current 
in batteries composed of such cells, is called polarization, 

505. Reverse Current Obtainable. — If two pla- 
tinum plates are employed as electrodes for decomposing 
acidulated water, oxygen is deposited upon the electrode 
at which the current enters, and hydrogen upon the other. 
After the current has been passing for a few minutes, let 
the wires which connect these plates with the battery be 
disconnected from the battery, and connected with each 
other, so as to form a closed circuit, including the decom- 
posing cell but not including the battery. It will be 
found that a current passes in this circuit in the opposite 
direction to the original current. This reverse current 
is due to films of the two gases which adhere to the two 
platinum plates, and it gradually falls off in strength as 
the gases are again taken up by the liquid. Reverse cur- 
rents obtained in this way are called secondary currents. 

506. Gas-Battery. — The gas-battery invented by 
Grove (which is not to be confounded with "Grovels 
battery") illustrates these principles. Each cell of this 
battery consists of two inverted test-tubes, one containing 
oxygen and the other hydrogen, about half immersed in 
acidulated water. Each tube contains a platinum plate, 
half in the liquid and half in the gas, which is connected 
with a wire passing through the upper end of the tube 
and secured by sealing. Each cell is connected to the 
next by means of these wires; and when the circuit is 
closed, a current passes, opposite in direction to that which 
would evolve the gases from the liquid. As the current 
continues, the gases are gradually absorbed by the liquid. 
Each cell of this battery may, in fact, be regarded as a 
reversed voltameter. 

507. Two-fluid Batteries. — In some of the best 
forms of battery, polarization is avoided, or at least 
reduced to a minimum, by employing two liquids separ- 
ated either by a membrane or by a porous partition of un- 
glazed earthenware. The liquid in contact with the zinc 
plate is dilute sulphuric acid, and the other liquid (which 
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is in contact with the other plate) is selected for its power 
of taking up hydrogen. In Daniell's battery, it is a satur- 
ated solution of sulphate of copper, the second plate being 
copper. In Grove's and Bunsen's batteries it is strong nitric 
acid, the second plate being platinum in the former battery 
and carbon in the latter. These three forms of battery, 
especially DanielPs, are very constant in their action. 

508. Amalgamation of Zinc Plate. — It is usual 
to amalgamate the zinc plates of a battery (by washing 
them with acid and then rubbing them with mercury). 
The reason is, that when ordinary commercial zinc is used 
without amalgamation, local currents are formed between 
different portions of the same plate, owing to inequalities 
or impurities. This local action^ as it is called, is waste- 
ful, and does not aid, but in fact weakens, the current in 
the general circuit. Amalgamation renders the surface 
uniform, and prevents this injurious action. Amalgama- 
tion, however, should not be employed when the greatest 
possible constancy is desired. 

ELECTRO-METALLURGY. 

509. The copper plate in a DanielFs cell receives a con- 
tinual deposit of fresh copper from the solution of sulphate 
of copper in which it is immersed, and it was this circum- 
stance which first suggested the idea of electro-metallurgy, 
or the electric deposition of metals, which now occupies 
an important place in the arts. 

Electro-metallurgy includes two distinct kinds of opera- 
tions, according as the deposit is intended to form a per- 
manent coating (as in electroplating), or to yield copies 
of an original (as in electrotype). For the latter purpose, 
a mould in some soft material, such as gutta-percha, is 
first taken from the original, and this mould, after being 
faced with plumbago (which is a conductor), is made to 
do duty for the copper plate of a Daniell's cell, until a 
sufficiently thick layer of copper has been deposited upon 
it. The sheet of copper thus deposited is then separated 
from the mould, of which it is a perfect impression. 

19 
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THERMO-ELECTRICITY. 

510. Balance of Electromotive Forces in Cir- 
cuit of Metals. — If two, three, or more metals,' all at the 
same temperature, are joined together so as to form a closed 
circuit, no current passes; the electromotive forces due to 
the contacts of dissimilar metals exactly balance each 
other. This balance, however, is destroyed if some of the 
junctions are made warmer than others. The currents 
thus produced by differences of temperature in a metallic 
circuit are called thermo-electric, 

511. Thermopile. — The M^w^//<f devised byNobili 
is a kind of thermometer based on this principle. It 
contains a number of small bars of antimony and bismuth 
arranged alternately in one continuous series, the two 
extreme bars being connected with binding screws, from 
which wires can be led to a delicate galvanometer. The 
direction of the current is from bismuth to antimony through 
hot junctions, and from antimony to bismuth through 
cold junctions, — ^the arrangements being such that hot 
and cold junctions succeed each other alternately. 

Fig. 148 shows the principle of the arrangement. The 

Fig. 148. 




bars marked a are antimony, those marked b bismuth. 
The junctions i, 3, 5, 7 are to be at one temperature, and 
the junctions 2, 4, 6, 8 at a different temperature. 
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In the thermopile, as actually constructed, the bars are 
built up into a compact mass, as in Fig. 149, the odd 
junctions being at one end' 
and the even junctions at the 
other, and are mounted as 
shown at C D, Fig. 1 50. P P' 
are the binding - screws, 
connected respectively with 
the two extreme bars. S T 

Fig. 149. 





and S' T' are movable covers, by the help of which the two 
ends of the pile can be either screened or exposed. 

512. The electromotive force of a thermopile varies 
directly as the difference of the temperatures of its ends, 
so long as these lie within the limits of ordinary atmo- 
spheric temperature. It is also directly proportional to 
the number of junctions. The instrument can be made 
extremely sensitive, and has been especially employed for 
observations on radiation. 

513. Mure and Clamond's Pile. — ^A quite differ- 
ent class of thermopiles have lately been introduced, 
intended not for thermometric purposes but for taking 
the place of a small battery. In one of the most success- 
ful of these, the two substances employed are iron and 
galsena, and the pile has the form of a hollow cylinder. 
The junctions which abut on the internal space are heated 
by means of a gas flame, while the external junctions are 
kept cool by contagt with the air. The electromotive 
force of such a pile, as usually constructed, is about equal 
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to that of one voltaic cell, and is sufficient for the pur- 
poses of electro-metallurgy. 

514. Neutral Point. — For every two metals, there 
is a particular temperature called their neutral pointy such 
that a thermopile constructed of these metals will give no 
current when one end is just as much above the neutral 
point as the other is below it.^ If one end is kept at a con- 
stant temperature lower than the neutral point, while the 
other, initially at the same temperature, is steadily raised, 
the current will first increase to a maximum, then dimin- 
ish to zero (becoming zero when the two temperatures 
haye the neutral point for their arithmetical mean), and 
will then increase with opposite sign. 

These changes can be shown with copper and iron 
wire. Let a piece of iron wire, A B, be joined to 
copper wires at both ends, and let the copper wires be 
led to a delicate galvanometer. By gently heating one 
of the junctions A or B, a current will be produced which 
will deflect the needle in one direction ; but if the heat- 
ing is continued to redness, the needle comes back, 
and is still more strongly deflected in the opposite direc- 
tion. 

ELECTRO-MAGNETISM. 

515. Rule for Deflection of Needle. — We have 
already stated that a magnetized needle can be deflected 
from the meridian by an electric current. The follo>;^ing 
rule — ^known as Ampere's rule — gives the direction of the 
deflection. Imagine yourself identified with the wire 
through which the current is passing, the current being 
supposed to enter at your feet and come out at your head; 
then when you look towards the needle, you see the north- 
seeking pole deflected to your left, and therefore the south- 
seeking pole to your right. It follows from this rule that 

^ This will serve as a general definition of the neutral point of two 
metals. In certain special cases it is necessary to add the condition 
tiiat the two temperatures must be taken very near together. 
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if we coil the wire into the form of a ring, and place the 
needle in its centre, all parts of the wire will conspire to 
deflect the needle the same way. 

516. Galvanonrieter. — The galvanometer (one form 
of which is shown in Fig. 151) is an instrument constructed 
on this principle. A wire is carried several times round 
a ring (the different convolutions being insulated from 
each other by winding silk round the wire), and the two 
ends of the wire are connected with binding-screws, for 
making co,nnection with the battery or other apparatus 
which is to furnish the current. The needle is suspended 
in a horizontal position in the centre, either by balancing 
it on a point or hanging it from a fine thread or fibre, — 
this latter mode of suspen- 
s'on be'ng the more del'cate 
of the two If the current 
IS allowed to flow steadily 
the needle will after more 
or less osc llation assume 
a pos t on of equ 1 bnum 
wh ch may d ffer by any 
th ng less than 90 from its 
undeflected pos tion The 
■earth s magnet c act on 
tends to bimg the needle 
back nto the plane of the 
coil the action of the cur 
rent tends to set the needle 
at nght angles to this plajie 
and t w 11 take some posi 
t on mtertned ate between 
these two dependent 1 
their re a 




517 In the tangent gah<anometer — the needle of wh ch 
s short and s attached to a long po nter — the strength 
of the current is mferred from the deflection thus obtamed ; 
the current being proportional to the "tangent" of this 
deflectioa 
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518. In the sine gaivanometer a larger deflection is 
obtained (with the same coil and current), partly because 
the needle is long, and partly because the plane of the coil is 
turned after the needle till it overtakes it, so that the coil 
is in the position in which the deflecting couple which it 
exerts upon the needle is the greatest possible. The 
graduated circle shown in the lower part of Fig. 151 is 
for indicating the angle through which the coil has been 
turned, — which is the same as the angle through which 
the needle has been deflected. The current is propor- 
tional to the " sine " of this angle, and must not exceed 
a certain limiting strength, or the coil will never overtake 
the needle. 

The graduated circle at the level of the needle is for 




indicating the deflection obtained when the instrument 
is used as a tangent galvanometer. 
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Fig. 153. 



519. Sometimes a galvanometer has two pairs of bind- 
ing-screws, connected with two distinct coils, wound on 
the same ring, and as nearly as possible equal in all 
respects. It is then called z. differential galvanometer ^2Xi!dL 
can be used for directly measuring the difference of two 
currents, one being sent through each coil, in opposite 
directions. 

520. Astatic Galvanometer. — ^The astatic galvano- 
meter (Fig. 152) is much more sensitive than either the 
tangent or sine galvanometer, but its indications are not 
so easily reduced to proportional measure. 

It has two needles d b\ ab (Fig. 153) as nearly equal 
as possible, fastened to one upright stem, with their poles 
pointing opposite ways. The directive actions of the 
earth on the two needles are opposite, and hence the 
resultant directive action of the earth on the two combined 
is very small. . . The coil of the galvanometer, on the other 
hand, is so placed that the 
current tends to deflect both 
needles the same way. The 
coil, which is shown in section 
in Fig. 153, is approximately 
rectangular, its longest dimen- 
sion being horizontal. One of 
the needles d b' is just above, 
and the other ab\^ below the 
upper part of the coil. The 

current in this part of the coil would urge them opposite 
ways if their poles were similarly directed, and hence, as 
their poles are oppositely directed, it urges them the same 
way. The current in the lower part and ends of the coil 
assists in deflecting the lower needle, and is too distant 
from the upper needle to have much effect upon it. The 
coil is thus placed in a position of great advantage as 
compared with the earth, and the deflection is propor- 
tionately large. 

521. Quantitative Laws. — ^The action of a current 
upon a needle may be regarded as consisting of two 
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forces, one on each pole. The force exerted by a straight 
portion A B of a current upon a pole C is perpendicular 
to the plane ABC, and the force exerted by a circular 
current (or by any plane current) upon a pole in its own 
plane is perpendicular to this plane. When the pole is in 
the centre of the circle the force is proportional to the 
following quantities : — 

1. The strength of the pole, as measured by the attrac- 
tion or repulsion which it would exert upon a given pole 
at a given distance. 

2. The strength of the current. 

3. The length of wire through which the current flows. 
If the wire (for instance) is carried ten times round the 
circle, the length will be ten circumferences. 

4. Thfe inverse square of the distance of the wire from 
the pole; that is to say, the inverse square of the radius 
of the circle. ,' 

522. Electro-magnetic Units. — Tiiese principles 
furnish the basis of the electro -magnetic system of 
measurement 

Thus, if we start with the centimetre as the unit of 
length, the gramme as the unit of mass, and the second 
as the unit of time, we obtain, as shown in arts. 14, 15, 
and 45, a unit of force called the dyne^ and a unit of energy 
called the erg. We now define the unit pole, or the pole 
of unit strength, as that which attracts or repels an equal 
pole at the distance of a centimetre with a force of a dyne 
(see art. 476). Since it is possible to employ other fun- 
damental units instead of the centimetre, gramme, and 
second, this is called for distinction the C.G.S. unit pole, 
or the unit pole of the C.G.S. system. 

523. We next define the C.G.S. unit current or current 
of unit strength as that which, in a wire i cm. long, l)dng 
along the circumference of a circle of i cm. radius, would 
exert a force of a dyne upon a unit pole at the centre. A 
current of strength C, flowing through a wire of length L 
centimetres, bent into the form of a circular coil, of radius 
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A centimetres, exerts, upon a pole of strength P placed at 

its centre, a force of .^ dynes. 

The unit quantity of electricity (in electro-magnetic 
measure) is the quantity conveyed in one second by a 
current of unit strength. 

524. Again, since the work spent in heating a wire is pro- 
portional to the resistance of the wire, to the square of the 
current, and to the time, we define the unit of resistance as 
the resistance of a wire in which a unit current generates, 
in one second, as much heat as is equivalent to one erg. 

If W denote the work done in T seconds, by a current 
of strength C, in heating a wire of resistance R, we have 
W = CRT. We may otherwise describe W as the number of 
ergs which are equivalent to the heat generated in the wire. 

525. Forces Mutual. — The forces between a cur- 
rent and a magnet are, like all other forces in nature, 
mutual, reaction being equal and opposite to action. 
The coil of a galvanometer is acted on by a couple equal 
and opposite to that which deflects the needle. 

MAGNETO-ELECTRICITY. 

526. Induced Currents. — Besides this mechanical 
action, tending to move the coil, and depending on the 
position of the needle, there is another effect (not mechani- 
cal) due to the motion of the needle. The current is 
weakened or strengthened by the motion of the needle; 
weakened when the needle moves in the direction in 
which the current urges it; strengthened when the needle 
moves in the opposite direction. 

More generally, when a magnet, and a conducting wire 
forming part of a closed circuit, are moved, one or both, 
in such directions that the mutual forces between them 
do positive work, the current is weakened; and if the 
motion is such that these forces do negative work (being 
a motion which, on the whole, is resisted by them), the 
current is strengthened (see art. 23). The effect, in both 
cases, is merely transient; so that, as soon as the motion 
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ceases, the current returns to its normal strength, which 
is not affected by the presence of magnets at rest. 

527. Again, if there is a closed circuit (for instance, a 
coil of wire with its ends joined) through which no current 
is passing, the motion of a magnet in its neighbourhood 
will induce a current in it, the direction of this current 
being always such as to oppose the motion. It matters 
not which of the two bodies (the circuit and the magnet) 
is moved. The effect is wholly dependent on their rela- 
tive motion. 

These are the fundamental principles of magneto-elec- 
tricity — that branch of electricity which treats of the 
excitement of currents by means of magnets. Currents 
so excited are said to be induced. 

528. Electro-magnets. — ^We have just seen that a 
current can be produced by means of a magnet. On the 
other hand, a piece of iron can be magnetized by means 
of a current. 

Let wire, covered with silk or other insulating material, 
be coiled round a bar of iron, like thread upon a reel, and 
let a current be sent through the coil. The iron will, for 
the time, become a magnet, its north-seeking pole being 
at that end towards which a north-seeking pole at the 
centre of the coil would be urged by the action of the 
current 

If the current is stopped, the magnetism of the iron 
disappears almost entirely; and if the ciurent is reversed, 
the magnetism of the iron is reversed, end for end. 

A piece of iron thus surrounded by a coil is called an 
electro-magnet The iron itself is called the core of the 
electro-magnet. 

An electro-magnet is made by sending a current through 
its coil; unmade by stopping the current. 

The purest and softest iron makes the strongest electro- 
magnets. If steel be used instead of iron, it makes a 
weaker electro-magnet, but retains a lai^e share of its mag- 
netism after the cessation of the current This is one of the 
commonest ways of making strong permanent magnets. 
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, 529. RuhmkorfF's Coil. — The induction coil^ or 
Ruhmkorff's coilj is an instrument whose action depends 
partly on the induction of magnetism by a current, and 
partly on the induction of currents by a magnet. 

In the first place there is an electro-magnet, consisting 
of a soft iron core encircled by a coil of stout copper wire 
called the primary coil. Through this coil a current is sent, 
— ^not continuously, but with a rapid succession of makes 
and breaks, so that the electro-magnet is alternately made 
and unmade. Round the electro-magnet is wound 
another coil, consisting of a much greater length — often 
many miles — of much finer copper wire, very carefully 
insulated. This is called the secondary coil. The making 
of the electro-magnet induces a current in one direction 
in the secondary coil, and the unmaking induces a current 
in the opposite direction. The making of a magnet 
within a coil has, in fact, the same effect as bringing up 
the magnet from a great distance and thrusting it into 
the coil, and the unmaking has the same effect as remov- 
ing it again. Owing to the great number of convolutions 
of the secondary coil, each of which contributes its own 
portion of electromotive force to the secondary circuit, 
the total electromotive force in this circuit is very great, 
quite comparable with that of the electricity yielded by 
a frictional machine. A rapid succession of powerful 
sparks passes between the terminals of the secondary coil, 
at a distance varying, in the case of small machines, from 
a quarter of an inch to two inches, and in lai^e machines 
sometimes reaching 18 inches or 2 feet. 

530. The making and breaking of the primary circuit 
is usually effected automatically. The electro-magnet, as 
soon as it is made, attracts to itself a small movable piece 
of iron called the hammer, causing it to leave another 
fixed piece called the anvil, and thus breaking the circuit. 
The magnet being thus unmade, the hammer (which is 
constantly urged towards the anvil by a spring) is released, 
and by striking the anvil closes the circuit again. The 
hammer is thus kept in a state of rapid vibration, moving 
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backwards and forwards several times in a second, and 
the discharges keep time with its movements. 

531. Dinerence between EfTects at Making 
and Breaking. — ^When the secondary circuit is closed, 
the quantity of electricity which traverses it in one direc- 
tion in breaking the primary circuit is equal to that which 
traverses it in tie opposite direction in making; but there 
is a great difference between the two currents. The cur- 
rent at breaking is much more sudden and violent than 
the other, standing to it in much the same relation that a 
blow stands to a steady pressure. 

A similar difference between making and breaking is 
observed when there is only a single circuit. Whenever 
the two wires attached to the two poles of an ordinary 
battery are separated, a spark passes between them, but 
no spark passes in bringing them together. 

532. Direction of Discharge. — When the ter- 
minals of the secondary coil are separated, leaving a 
proper interval of air between, discharge takes place 
across this interval at the instant of breaking the primary 
circuit, but not at the instant of making. The currents 
which pass are thus all in one direction. This direction 
is the same as that of the primary current It is a gene- 
ral rule (whether soft iron be present to assist the action 
or not) that the stopping or weakening of the current in 
a wire induces (or tends to induce) a current in the same 
direction in any neighbouring wire, and that the starting 
or strengthening of a current induces an opposite current 

533. Magneto-electric Machines.— In magneto- 
electric machines, an electro-magnet of compact form is 
caused to rotate near the poles of a powerful permanent 
magnet, in such a manner that the core of the electro-magnet 
becomes magnetized first in one direction and then in the 
opposite, by the inductive action of the poles of the per- 
manent magnet Every change in the magnetization of the 
core induces a current in the coil wound upon it Hence 
currents in alternately opposite directions are excited in 
this coil, their sti'engdi being approximately proportional 
to the speed of rotation. 
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The size of wire to be used for the coil, varies with the 
purpose for which it is intended. For giving shocks, it 
should be long and thin, so as to give great electromotive 
force; for heating effects, it should be stouter, so as to 
offer less resistance. If two coils, one of stout and the 
other of thin wire of the same material, occupy equal 
spaces, their lengths will clearly be in the inverse ratio 
of their cross-sections. Their resistances will be as length 
divided by cross-section, that is, as the squares of their 
lengths, and the electromotive forces in them will be 
simply as their lengths; hence when the external resistance 
is negligible, the currents in the two coils, being as electro- 
motive force divided by resistance, will be inversely as the 
lengths. For this reason, a coil formed of a short and stout 
wire (together with its iron core) is called a quantity arma- 
ture, A coil formed of a long and thin wire is called an in- 
tensity armature, because it gives great electromotive force. 

534. Electro-medical Machines. — Small magneto- 
electric machines, with intensity armatures, are very much 
used for electro-medical purposes. The patient holds 
two metallic handles connected with the ends of the coil, 
and receives a rapid succession of shocks when the 
machine is turned. 

535. Another kind of electro-medical machine frequently 
used, is one in which, when the patient holds the handles, 
a current from a galvanic battery of moderate power passes 
through his body, and also through a long coil of wire 
which forms the remainder of the circuit. The patient 
feels nothing as long as the current is allowed to flow 
steadily; but a notched wheel is provided, by turning 
which the circuit is alternately made and broken; and 
every break gives the patient a shock. 

536. Induction of a Current on Itself. — This 
is an instance of what is called the induction of a current 
upon itself. It is more marked with a long wire than with 
a short one; more marked with a wire coiled up than with 
the same wire stretched out; and still more marked when 
the coiled wire surrounds a soft-iron core. We have seen, 
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in art. 527, that the cessation of a current tends to pro- 
duce an instantaneous current in the same direction in a 
neighbouring wire, especially if the latter be wound upon 
the same core. This remains true even when the two 
wires are merely different convolutions of one and the 
same wire; and this mutual induction of different parts 
of a coil gives rise to an instantaneous electromotive force, 
which is much more intense than that by which the steady 
current was maintained. 

ELECTRIC LIGHT AND SPARK. 

537. Electric Light. — Powerful magneto-electric 
machines — ^sometimes driven by small steam-engines — are 
employed for producing the electric light in lighthouses 
and oihei public places. 

The electric light, on a smaller scale, as exhibited in 
the lecture-room, is usually obtained by means of a battery 
of not less than thirty good cells. The light is obtained 
between two terminals of carbon (from the retorts of gas- 
works), which are first allowed to touch, so as to complete 
the circuit, and are then removed to a small distance 
asunder. The current is not able to leap over the interval 
of air between the carbons, until contact has been made; 
but the spark which passes at breaking contact heats the 
intervening air; and as hot air conducts electricity, the 
current continues to pass until, from any cause, the inter- 
val become too great. 

538. The intense light is due to the high temperature 
of the carbon terminals and of the small particles of car- 
bon which fly across the interval. 

The carbons are gradually consumed — the positive ter- 
minal about twice as fast as the negative, and special 
mechanism is provided for keeping the distance nearly 
constant. This mechanism is controlled by the strength 
of the current, which falls off as the distance increases, 
thus weakening an electro-magnet, and thereby releasing 
a detent, so as to allow the mechanism to be driven by 
clock-work provided for the purpose until the carbons are 
brought sufficiently near, when the electro-magnet again 
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acquires sufficient strength to move the detent and stop 
the mechanism. 

539. Firing of Mines. — The firing of mines by elec- 
tricity is usually effected by means of a short piece of very 
fine platinum wire, which is heated to incandescence by 
a current, and ignites the charge. 

540. Nature of the Electric Spark. — The elec- 
tric spark consists ot matter which has been rendered 
incandescent by the passage of electricity through it, just 
as wires are heated by the passage of a voltaic current. 

When the spark is examined by the spectroscope, it 
shows bright lines, indicating incandescent vapour. These 
lines include both those due to the air or other gas through 
which the spark passes and those due to the vapour of 
the metallic terminals between which it passes. It is 
therefore to be inferred that small portions of the ter- 
minals are vaporized by the discharge. 

541. The actual passage of the spark is doubtless pre- 
ceded by an inductive action — some kind of tension or 
stress — which, when it attains a sufficient intensity, causes 
the resistance of the air to give way and allow the spark to 
pass. This action is most intense along the path of least 
resistance, which is accordingly the place where the 
rupture actually occurs. The crookedness which is ob- 
servable in the spark when long, indicates the presence of 
inequalities (perhaps particles of dust), which render the 
path of least resistance crooked. The time occupied by 
the passage of a spark is excessively brief, — more instan- 
taneous, perhaps, than any other phenomenon with which 
we are acquainted. According to a determination made 
by Wheatstone with the aid of a rapidly revolving mirror, 
it lasts for only the ^^^qq part of a second. It therefore 
cannot be seen either to travel from one end towards the 
other, or to start from both ends and meet in the middle, 
but is visible along its whole length at once. 

542. Geissler's Tubes. — Discharge occurs with 
greater facility through rare than dense air. Glass tubes 
from 10 to 20 inches long (called Geissler's tubes), con- 
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^ '5*- taining air or other gases in a state of ex- 

Itreme tenuity, and having platinum elec- 
trodes sealed into their ends so as to afford 
conducting communication between their 
interior and their exterior, readily allow 
discharge to pass through their interior 
from one of these electrodes to the other. 
The experiment is usually shown by con- 
necting the two electrodes to the terminals 
of a Ruhmkorff's coil or of a Holtz's 
machine. Even the smallest induction coil 
is sufficient for the puipose. 
The discharge in these tubes has not 
the appearance of a narrow line of light 
(like a spark in ordinary air), but of a broad 
nebulous mass, or series of masses, of faint 
luminosity, usually requiring a darkened 
room to render them visible. Fig. 154 gives 
a good idea of the appearance presented. 
A is the positive and B the negative ter- 
minal, the difference of appearance between 
the two ends being very marked. The 
alternate bands of light and darkness (con- 
stituting what is called the stratification of 
the dischaige) are larger in proportion as 
the gas in the tube is more highly rarefied. 
If one part of the tube, as at C, is nar- 
rower than the rest, the light is most in- 
tense in this part 
543. Density of Minimum Resist- 
ance. — The resistance of a gas does not, 
however, decrease indefinitely with its den- 
sity. It is possible to cany exhaustion be- 
yond the point of minimum resistance, and 
even to go so far beyond it as to make the 
resistance greater than that of air at atmo- 
spheric density; but to obtain this result, 
very special means must be employed for 
perfecting the vacuum. 
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ELECTRIC TELEGRAPH. 



544. There are various methods both of sending and 
of receiving telegraphic signals. On all public telegraphs 
the current is supplied by a battery; but many private 
telegraphs are worked by a small magneto-electric appar- 
atus. 

545. Morse's Recorder. — The receiving apparatus 
generally employed on public telegraphs is the electro- 
magnetic arrangement of Morse, represented, in its 
simplest form, in Fig. 155. The signals sent through the 




line cause an electromagnet, shown in the figure, to be 
alternately made and unmade, thus producing an up-and- 
down motion of an armature,' which forms one end of a 
lever, the other end carrying the pen, which sometimes, 
as in the figure, is a mere point for scratching. The paper, 
in the form of a very long strip, is drawn past the pen by 

• The aimature of an electro-magnet is a piece of soft iron whose 
function is lo be allernately alliacted by ihe electro-magnet and drawn 
awajr from it. 



3o6 ELECTRICITY. 

clock-work, which can be started and stopped at pleasure. 
Straight marks, with spaces between them, are thus pro- 
duced on the paper; the length of a mark being propor- 
tional to the time during which a current passes, and the 
length of a space to the time during which it is inter- 
rupted. Two lengths of mark are employed, called dot 
and dash^ and three lengths of space. Each letter is 
represented by a combination of dots and dashes, separ- 
ated by the smallest space. A single dot is E, a single 
dash T, and the whole alphabet is constructed on the 
plan of giving the shortest signs to the letters* of most 
frequent occurrence. The different letters of a word are 
separated by the space of medium length, and the differ- 
ent words by the longest space. 

546. Needle Telegraphs. — In needle telegraphs 
the signals are given by deflections of an upright needle, 
a motion of its upper end to the left being equivalent to 
dot, and a motion to the right to dash, 

547. Relay. — In connection with the Morse telegraph, 
great use is made of relays, A relay is an arrangement 
for closing and opening the circuit of a local battery (that 
is, a battery near at hand) by means of currents received 
from a distance, and thus employing the local battery to 
do work whiclvthe currents from a distance have not suf- 
ficient strength or sharpness to perform directly. The 
relay contains an electro-magnet, through whose coil all 
currents from the line wire must pass, on their way to 
earth. The movements of its armature to and from the 
electro-magnet, close and open the circuit of the local 
battery. Thus, if the coil of the receiving instrument, 
Fig. 155, be included in the circuit of the local battery, 
it will be actuated by currents from this battery contem- 
poraneous with those which arrive by the line wire. 

548. Function of the Earth in Telegraphy. 
— In the early experimental stages of ^electric telegraphy, 
a complete circuit of wire was employed to connect the 
poles of the battery which sent the current; but it was 
soon found that the return-wire might be dispensed with. 
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by making proper connections with the earth. One pole 
of the sending battery must be connected with the earth, 
and one terminal of the receiving instrument must also be 
connected with the earth. Electricity will then be drawn 
from the earth at one end, and given back to the earth at 
the other. The earth is to be regarded as a reservoir of 
immense capacity, ready to give or receive any amount of 
electricity that may be required, at either station, rather 
than as a conductor through which the current returns 
to the battery which sent it 
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— chromatic, 19a 
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Air-pump, 66-71. 

— thermometer, xos. 
Airy's apparatus, 153. 
Amialgamation of zinc plate, 389. 
Ampere's rule, 393. 
Amplitude of vibration, 31, 318. 
Animal heat, X3z. 

Anions and cations, 386. 
Antinodes, 333. 
Apparent expansion, 103. 

— size, 178. 

Archimedes' principle, 71-75. 
AnjuUure of electro-magnet, 305. 

magneto-electric machine, 301. 

Artificial horizon, 147. 
Aspirator, 133. 

Astatic galvanometer, 395. 
Astronomical telescope, i8a 
Atmosphere, cooler aloft, 118. 

— pressure of, 56. 

Atomic weight and specific heat, zzo. 
Attraction, electrostatic, 332. 
Atwood's machine, 31. 

Balance, 38-30. 
Balancing forces, a. 



Barometer, 55-58, 88. 

— used for measuring altitudes, 81, 83. 
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— thermal, zo6. 
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volume, 41. 

Centrifugal force, 33-34. 
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— dispersion, Z84. 
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Coefficient of expansion, xoi. 

friction, 34. 

CoUimation, line of, 184 
Collimator, z86. 
Colour, 193-196. 

— blindness, 194. 
Combination, heat of, 1x9. * 
Combustion, 1x9. 
Composition of forces, 7, zz. 

motions, 6. 

Compression, heating by, 1x7-1x9. 
Concave lens, X7X-181. 

— mirror, X60-X70. 
Condensers, electric, 36a. 
Condensing electroscope, 363 
Conduction of heat, X3x-X33. 

— surface, Z34. 

Conductivity affected by temperature, 
X3X, 381. 

— thermal and electrical compared, 381. 
Conductors and non-conductors, 353. 

— lightning, 366. 

Cone, centre of volume of, 41. 
Conjugate foci, 163, X73-Z75. 
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Contact-electricity, 387. 
Convection of heat, z 35-1 37. 
Convex mirrors, z6x, 170. 
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— measurement of, 379. 
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— electric, 357. 
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Dew, X31, X34. 
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Diamagnetic bodies, 375 
Diathermancy, X35. 
Dip, magnetic, 370. 
Discharge in rarefied gases, 304. 
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Distribution of electricity, 356^ 
Divided circuit, 383. 

Double refraction, 307. 

— weighing, 301 
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<— examples in, 36. 
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Echo» 3x9. 

Effects of currents, 379. 

Efficiency of steam, ZZ5. 

Elasticity of air, 335. 

Electric light, 303. 

— spark, 303. 
Electrical machine, 257. 

Holtz's, 364. 

Electricity, 350-366, 377-307. 

— atmospheric, 365. 

— current, 377-307. 

— frictional and voltaic compared, 278. 
Electrolysis, 384-387. 
Electro-magnetic units, 396. 

— magnets, 398. 
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— motive force, 379, 380, 385. 
Electro-medical machines, 30T. 
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— quadrant, 363. 
Electrostatics, 350-466. 
Emission and absorption, Z90. 
Energy, z8, X9. 

— transformations of, 1x4-1 19, 383. 
Equator, magnetic, 37Z. 
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— criterion of, z6. 
Equivalents, electro-chemical, 384. 
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Ether, luminiferous, 344. 
Evaporation, 137, X3X. 

— latent heat of, 1x3. 

— temperature of, X33. 
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Expansion, cooling by, X17-Z19. 

— linear and cubical, xoo. 

— tables of, xox, Z04, 136. 
Extinction of sound, 34a. 
Eye, X96-Z98. 

Fahrenheit's scale, 98. 
Falling bodies, 17. 
Ferro-magnetic bodies, 275. 
Field, magnetic, 273, 273. 
Filings around magnet, 374. 
Fire-irons magnetized, 373. 
Firing mines, 303. 
Fizeau's apparatus, 3oz. 
Floating bodies, 74. 
Fluids, 47. 
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Foot-poimd, 43. 
Force, z-5. 

— unit of, 5. 

Foucault's experiment, 302. 
Franklin's experiment, Z39. 
Fraunhofer's lines, z86. 
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Freezing-mixtures, Z3a 

— point, 96. 
Friction, 34. 

— and heat, XZ4. 
Frictional electricity, 350. 
Fundamental tone, 334. 
Fusion, ZZ0-ZZ4. 

— latent heats of, ZX3. 

Galilean telescope, i8z. 
Galvanometer, 393-395. 
Gamut, 334. 
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Gases, expansion of, Z04. 

— mode of weighing, 75. 
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Geissler's tubes, 303. 
Gold-leaf electroscope, 353. 
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— degree, zo6. 
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Gregorian telescope, Z69. 
Grove's battery, 289. 

— gas-battery, 288. 



Harmonics, 241, 045. 

— of strings, 338. 
Heat, 95-X4X. 

— as energy, zx4-zai. 

— examples in, Z35. 

— unit of, Z06. 
Heating by currents, 383. 

Height measured by barometer, 8z, 82. 

— of homogeneous atmosphere, 8z. 
Herschelian telescope, Z67. 
Hoar-frost, X3Z, Z34. 

Holtz's electrical machine, 264. 
Homogeneous atmosphere, 8z. 
Horse-power, 43. 
Humidity, Z3X. 
Hydraulic press, 50. 
Hydrogen, buoyancy of, 75. 
Hydrometer, 78. 
Hydrostatics, 47-94. 

— examples in, 86. 
Hygrometry, 127-Z34. 

Ice, zzo. 

Iceland-spar, 207. 

Images by refraction at plane surface, 

157-159. ^ 

— erect and inverted, 165, 176. 

— in plane mirrors, Z43-Z47. 

— real and virtual, z66. 

— shape of, Z46. 
Imaginary magnetic fluids, 276. 
Impact, 27. 

Incidence, angle of, Z42. 
Inclined plane, 26. 
Index of refraction, Z50, Z52, 
Induced currents, 297, 300. 
Induction, electrostatic, 253. 

— magnetic, 367. 

— coil, 399. 

— of current on itself, 30Z. 
Inductive capacity, specific, 363. 
Inertia, 4. 

Intensity of sound, 34Z. 
Interference, 330, 23Z, 234. 
Intervals, musical, 334. 
Inverse squares, Z78, 343. 
Irrationality of dispersion, Z93. 

Jar, Leyden, 259. 

Joule's equivalent, zz4, ZZ5. 

Kaleidoscope, Z47. 
I 
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Kinetic energy, x8, 19. 
Kinetics, 3. 

Latent heat, zzo-xx4, 138. 
Lens, centre of, 176. 
Lenses, zjz-xjS. 
Lever, 32, 33. 
Leyden-jar, 359. 
Light, Z49-3Z3. 

— and sound compared, 243. 

— examples in, 209. 
Lightning, 366. 

Lines of magnetic force, 373, 274. 
Liquefaction, ZZ0-Z14. 
Liquids, 48. 
Local action, 289. 
Loudness, 34Z. 

Machine, electrical, 357. 

Holtz's, 264, 

Winter's, 359. 

Magnetism, 367-376. 

— communication of, 367. 
Magneto-electricity, 297-303. 
Magneto-electric machines, 300. 
Magnification, Z78. 

— by lens, Z79. 

— by telescope, x8z. 
Mariotte's law, 58, 59. 
Mass, 4. 

— centre of, 13. 
Mechanical advantage, 24. 

— equivalent of heat, Z14, 115. 

— powers, 22-28. 
Mechanics, x. 

Mercury, expansion of, X02, 104. 
Meridian, 37a 

— magnetic, 370. 
Microscope, compound, 183. 

— simple, 179. 
Mines, firing, 303. 
Minimum deviation, 156. 
Mirrors, plane, 143-149. 

— spherical, Z59-Z71. 
Mixture of colours, 193. 

— — gases, 60. 
Mixtures, density of, 8a 
Moment of couple, 9. 

— — force about axis, zo. 

point, zo. 

Momentum, 5. 
Monochromatic light, z88. 



Morse recorder, 305. 
Mountain-barometer, 81, 82. 
Mu»cal intervals, 324. 

— sound, 323. 

Needle, magnetic, 269. 
Neutral equilibrium, 14-17. 

— point, 292. 
Newtonian telescope, 167. 
Nicol's prism, 208. 
Nodal lines, 240. 
Nodes and antinodes, 232. 

Octave, 223. 

Ohm's law, 280. 

Opportunity for running down, 119. 

Optical centre of lens, Z76. 

Organ-pipes, 33x. 

Overtones, 234, 238. 

Parallel forces, Z0-Z3. 

centre of, Z2. 

Parallelogram of forces, 7. 

motions, 6. 

Paramagnetic bodies, 275. 
Pendulum, Z9-2X. 

— compound, 2z. 

— length of, 2z. 

— simple, 20. 

Period of vibration, 2Z, 2x6. 
Periodic time, 2x6. 
Phase, 2x6. 
Photometry, Z98. 
Pipes, overtones of, 233. 

— vibrations of air in, 220-223. 
Kpette, 6z. 

Pitch, 223. 

Plates, refraction through, Z53, 154. 

— vibrations of, 240. 
Plunger, 50. 

Polarization of electrodes, 287. 

light, 204-208, 244. 

Poles, magnetic, 27 x. 

Positive and negative electricity, 25X. 

Potential energy, 19. 

Pressure, centre of, 53. 

— hydrostatic, 47-53. 

— intensity of, 47. 
Principal focus, x6o, X72. 
Principle of Archimedes, 7X-75. 
Prism, refraction through, X55-Z57. 
Projection by lenses, Z75. 
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Propagation of sound, 3x4-2x6. 

through tube, 243. 

Pulley, 24. 
Pulses, 315, 336. 
Pumps, 60-63. 

— air, 66-7X. 

Quality of soiuids, 341. 
Quantity of electricity, 25a. 
heat, X06. 

Radiation, X23-X35. 
Rain, 134. 

Reaction equal to action, 8. 
Real and virtual images, x66. 
Reed-pipes, 223. 
Reflection of light, 14a. 

— — pulses, 237. 

soimd, 2x8. 

Refraction, X49. 

— depends on difference of velocity, 

343. 

— double, 207. 

— index of, X50, X53. 

— limiting angle of, x5x. 

Repubion, a better test than attrac- 

ti<»i, 368. 
Resinous electricity, 251. 
Resistance, electrical, sSx. 
Resonance, 319. 
Resultant, 6. 

Reversal of bright lines, X90. 
Rigid body, 2. 

effect of forces on, 14. 

Rock-salt, its diathermancy, X25. 
Rods, vibrations of, 239. 
Rotation of mirror, 148. 
Ruhmkorff's coil, 299. 
Running down of energy, 12a 

Scales, thermometric, 99. 
Screw, 37. 

— press, 38. 
Secondary coil, 399. 

— currents, 388. 
Sextant, X49. 

Shock by Leyden-jar, 361. 
Simple pendulum, ao. 

— waves, 317. 
Sine, 15 X. 
Sine-galvanometer, 394. 



Sines, law of, X53. 
Siphon, 64. 

— barometer, 57, 88. 
Siren, 326. 
Sodium-line, x88. 
Solidification, xxo. 
Sound, 3x4. 

— and light compared, 243. 

— examples in, 245. 
Sounding-boards, 239. 
Spark, electric, 303. 
Speaking-tubes, 343. 
Specific gravity, 76. 

bottle, 77. 

Specific heat, xo6-xxo, 138. 

at constant pressure and at con- 
stant volume, 109, 118. 

tables of, X09, 138. 

Specific inductive capaciLy, 262. 

Spectacles, X79. 

Spectra, 184-190. 

Spectroscope, x86^ 

Specula, X7a 

Spherical mirrors, X59-X7X. 

Spirit-thermometer, 97. 

Sprengel's air-pump, 70. 

Spring-balance, i. 

Squares, inverse, T78, 242. 

Stable equilibrium, X4-X7. 

Statics, 3. 

Stationary undulation, 232. 

Steam-engine, 1x5. 

Steelyard, 31. 

Stratification of electric discharge, 304 

Strength of current, 280. 

pole, 296. 

Strings, vibrations of, 236-239. 

Suction, 61. 

Sun, distance of, 200. 

— image of, X62. 
Syringe, 6x. 

Tangent galvanometer, 293. 
Telegraph, electric, 305-308. 
Telescope, astronomical xSo. 

— Cassegranian, 171. 

— Galilean, 181. 

— Gregorian, 169. 

— Herschelian, X67. 

— Newtonian, 167. 

— Terrestrial, i8a. 
Temperament, 325. 
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Temperature, 95-ioa 

— absolute, 105, xx6. 

— scales of, 99. 

Terrestrial magnetism, 269-273. 

— telescope, 182. 
Thermodjmamics, 1x4-1 19. 
Thermo-electricity, 290-292. 
Thermometer, 95-xoo. 

— air, 105. 

— spirit, 97. 
Thermopile, 290. 

Total reflection, 151, 153. 

Tourmalines, 204. 

Translation, 3. 

Transverse and longitudinal vibrations, 

216, 244. 
Triangle, centre of area of, 40. 
Tubes, propagation of sound through, 

243- 

— overtones of, 233. 

— vibrations in, 220-223. 
Two-fluid batteries, 388. 
Two liquids in bent tube, 53. 

Undulation, 2x6, 23a 

— stationary, 232. 
Uniform acceleration, 32. 
Units, 5. 

— electro-diagnetic, 296. 

— electric static, 252. 
Unstable equilibritun, X4-X7. 

Vacuum, electric resistance of, 304. 

— propagation through, 244. 
Vaporization, XX3. 
Vapours, laws of, X28-X3a 
Velocity of light, 199. 
— sound, 2x4, 234. 



Velocity of sound in gases, 336. 

— in water, 2x5. 

in solids, 240. 

Vertical, 14. 

— component of magnetic force, 273. 
Vibration, natural modes of, 220. 

— numbers for light, 244. 

sotmd, 223, 326. 

Vitnroscope, 230. 
Virtual images, z6a 

— velocities, x6. 

Vitreous and resinous electricity, 25 x. 
Voltameter, 286. 

Water, heat of vaporization of, XX4. 

— latent heat of, X13. 

— maximum density of, X04. 

— specific heat of, 107. 

— weight of cubic foot of, in lbs., 43. 
Wave-length, 217. 

of light, 244. 

Waves, 2x6-2x8. 
Wedge, ?7. 
Weighing in air, 75. 

vacuo, 75. 

water, 7X-73, 79. 

Weight, X. 

Weight-thermometer, X03. 

Wet and dry bulb, X32. 

Wheel and axle, 24. 

Winds, X26. 

Winter's electrical machine, 259. 

Work, 8, 43. 

— done by current, 283. 

— principle of, 9, x6. 

— unit of, X7. 

Zero, change of, 98. 
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